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ABSTRACT 


Results  are  reported  on  a  continuing  program  directed  toward  de¬ 
veloping  a  fabrication  and  structu,  1  design  capability  for  graphite-fibe r 
composites  and  toward  extending  the  methods  of  structural  synthesis  to 
include  material  variables.  Part  of  the  current  work  is  centered  on  the 
first  phase  of  the  design  r.nd  fabrication  of  a  ring-  and  stringer -stiffened 
tapered  shell,  representative  of  a  subscale  fuselage  section.  Other  longer- 
range  projects  include  work  on  analytical  and  experimental  methods  for 
obtaining  reliable  design  data,  on  nonlinear  analysis,  and  on  synthesis 
studies.  Studies  on  graphite-base  refractory  composites,  begun  before 
fiber  composites  were  available,  have  been  concluded;  these  include  work 
on  multiaxial  stress  failure  criteria,  statistical  strength  distributions  for 
anisotropic  materials,  structural  synthesis  problems  involving  the  selec¬ 
tion  of  the  best  material,  and  nonlinear  analysis  of  a  rocket  throatinsert.  Work 
on  graphite-fiber,  metal-matrix  composites  has  been  on  processing  studies 
and  high  temperature  strength  measurements  of  ni^ ^el-matrix  composites. 
Graphite -fiber,  resin-matrix  composites  have  been  fabricated  with  an 
epoxy  (ERL  2256)  matrix.  The  physical  properties  of  the  constituents  have 
been  determined;  plates  fabricated;  and  measurements  made  for  membrane 
and  bending  stiffnesses,  strengths,  stress-strain  behaviors,  and  thermal 
properties  Theoretical  predictions  of  membrane  and  bending  stiffnesses 
and  tensile  strengths  correlated  sufficiently  well  with  experimental  results 
for  preliminary  design  purposes.  Several  common  mechanical  testing 
procedures  for  composite  materials  have  been  assessed;  and  a  nondestruc¬ 
tive  plate  buckling  test  apparatus  and  a  new  NOL  ring  test  dev.  e  have  been 
built  and  applied.  Structural  element  tests  include  angle  bend  and  crippling 
tests  on  composite  stringers  as  well  as  crippling  and  acoustic  fatigue  tests 
on  composite  panels.  Several  micromechanics  and  design  data  prediction 
investigations  are  reported.  An  elasto-plastic  analysis  of  a  cylindrical 
inclusion  and  a  study  of  bonding  stresses  in  laminated  cylindrical  shells 
have  been  completed.  Projects  in  progress  include  microstress  analysis 
and  studies  of  photoelasticity  and  failure  mechanisms.  Several  structural 
analysis  and  syntheses  investigations  aimed  at  developing  the  tools  neces¬ 
sary  to  achieve  superior  structural  designs  with  composite  materials  are 
reported  Several  anisotropic  discrete  element  formulations  have  been 
generated  and  numerically  verified.  New  procedures  are  being  developed 
for  multiaxial  stress  analysis  involving  nonlinear  and  nonisotropic  mate¬ 
rials.  Computer  program  packages  have  been  created  for  unconstrained 
and  inequality-constrained  minimization  techniques.  The  extension  of 
structural  synthesis  to  fiber  composites  is  illustrated  with  a  plate  problem 
which  treats  material  variables  within  the  optimization  process.  Design 
activities  associated  with  the  tapered,  stiffened  cylinder  began  with  weight 
efficiency  comparisons  of  many  candidate  constructions  and  composite  lay¬ 
up  patterns.  Parametric  studies  of  the  influence  of  fiber  content  and  ply 
thickness  on  plate  and  column  behavior  are  reported.  Discrete  element 
,  _  analyses  are  being  made  of  stiffened  panel  element  test  configurations  and 
of  the  behavior  of  the  stiffened  shell  and  end  attachment. 
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SECTION  I 

INTRODUCTION 


This  report  covers  the  second  year's  work  of  a  program  which 
represents  a  novel  approach  designed  to  fulfill  three  different  but  clearly 
interdependent  needs  of  the  Department  of  Defense:  a  materials  need,  a 
structural  design  capability  need,  and  a  need  for  more  scientists  and 
fngineers  trained  in  applied  materials  problems  and  advanced  design 
methods.  The  Carbon  Products  Di>  _sion  of  Union  Caibide  Corporation, 

Case  Western  Reserve  University,  and  Bell  Aerosystems  Company 
have  formed  an  Association  to  meet  these  needs. 

The  Association  has  formulated  a  broad  program  which  includes 
the  development  of  new  materials,  generation  of  advanced  analyses  and 
design  methods,  and  education  of  graduate  students.  In  brief,  the  major 
objectives  are  (1)  to  develop  high  modulus  graphite  fiber  composites, 

(2)  to  extend  the  methods  of  structural  mechanics,  (3)  to  identify  DOD 
applications  toward  which  the  program  efforts  should  be  directed, 

(4)  to  educate  engineers  capable  of  developing  and  using  modern  materials, 
and  (5)  to  integrate  materials  research  with  the  needs  of  the  designer  by 
extending  the  technique  of  structural  synthesis  to  include  material  variables. 

The  general  areas  of  responsibility  of  each  member  of  the 
Association  are  defined  in  the  following  paragraphs.  The  technical 
program  has  been  divided  into  eight  parts  and  a  survey  of  it  is  given 
in  the  latter  parts  of  this  section.  Section  II  presents  a  summary  of 
the  results  obtained  during  the  second  year's  work.  In  the  next  eight 
sections,  a  mo-e  extensive  discussion  is  given  of  the  work  that  has  been 
carried  out  on  each  part  of  the  technical  program. 

The  primary  areas  of  responsibility  of  Union  Carbide  Corporation, 
Carbon  Products  Division,  are  to  develop  and  produce  composite  materials 
and  to  measure  those  mechanical  and  thermal  properties  needed  for  the 
structural  design  work  within  the  Association.  The  technical  program 
at  Union  Carbide  consists  of:  (1)  materials  research,  a  basic  research 
program  to  develop  new,  improved  composites  of  high  modulus  graphite 
fibers  in  both  resin  and  metal  matrices;  (2)  materials  fabrication,  an 
applied  research  program  to  produce  materials  for  tho  joint  research 
programs  of  the  Association  and  to  seek  new  ways  of  fabricating  com¬ 
ponents  which  better  utilize  the  superior  properties  of  composite  mate¬ 
rials;  (3)  properties  evaluation,  the  measurement  of  the  mechanical 
and  thermal  properties  of  certain  composites  to  provide  data  for  the 
joint  research  programs  of  the  Association;  and  (4)  failure  criteria,  a 
basic  research  program  to  determine  experimentally  adequate  failure 
criteria  for  anisotropic  materials  under  multiaxial  stress  states  and  to 
find  ways  of  representing  the  failure  surface  which  can  be  used  by  the 
designer  in  practical  calculations. 

The  primary  objective  of  the  workat  Case  WesternReserve  University 
is  to  advance  the  basic  structural  mechanics  technology  required  for 
rational  design  with  composite  materials.  Composite  materials  offer  the 


structural  design  engineer  the  prospect  of  being  able  ultimately  to  carry  on 
simultaneously  the  design  of  the  structural  configuration  and  material. 
Achieving  this  capability  will  require  fundamental  advances  in  structural 
synthesis  as  well  as  a  substantially  improved  understanding  of  the  behavior 
of  composite  materials.  The  objectives  of  the  research  program  at  Case 
are:  (1)  the  quantitative  formulation  and  efficient  solution  of  the  structural 
synthesis  problem,  including  material  variables,  for  elementary,  but 
representative,  components  fabricated  from  composite  materials;  (2)  experi¬ 
mental  stress  analysis  studies  and  theoretical  investigations  in  microme- 
chanics  with  the  objective  of  improving  the  measurement  a  id  calculation  of 
stiffness  properties  and  failure  mode  criteria  for  composite  materials;  and 
(3)  the  development  of  improved  analysis  methods  for  anisotropic,  nonlinear, 
and  nonconservative  materials. 

The  primary  pruposes  of  Bell  Aerosystems  Company's  participation 
in  this  program  are  to  interjc.  I  user  requirements  into  the  appliedmaterial 
research  efforts;  to  apply,  a  the  prototype  design  level,  the  advanced 
analytical  procedures  and  improved  understanding  of  material  behavior 
which  will  result  from  the  research;  and  to  establish  application- related 
property  specifications  for  materials  research  activities.  To  attain  these 
objectives,  a  six-part  technical  program  is  being  performed  by  Bell: 

(1)  application  selection,  where  the  objective  is  to  define  representative 
configurations  and  environmental  conditions  that  reflect  DOD  requirements, 

(2)  recognition  of  failure  modes,  a  task  that  involves  the  overall  structural 
behavior  such  as  elastic  instability,  deformation  limits,  and  fracture  and 
the  material  failure  modes;  (3)  determination  of  the  nature  of  and  methods 
for  the  application  of  analytical  tools  needed  to  cope  with  the  anisotropic., 
anelastic,  and  nonconservative  material  property  behavior  and  the  multi- 
axial  stress  distributions  anticipated  in  structural  configurations  associated 
with  the  use  of  the  subject  materials;  (4)  structural  synthesis,  which 
involves  the  application  of  structural  synthesis  techniques  at  the  practical 
level  to  define  the  most  desirable  material  compositions  within  a  particular 
class  of  composites;  (5)  study  of  creative  design  concepts  which  will  be 
required  because  of  the  complex  material  behavior  of  composites,  (6)  testing, 
which  is  necessary  to  verify  the  value  of  analysis  procedures  used  to  design 
composite  materials  and  the  components  made  from  composite  materials. 

In  a  project  involving  separate  organizations,  an  attempt  is 
usually  made  to  divide  the  work  so  that  each  organization  has  separate 
and  well-defined  tasks.  In  the  present  case,  a  deliberate  attempt  has 
been  made  to  do  the  opposite,  that  is,  to  achieve  close  coupling  (1)  between  ^ 
the  Materials  Laboratory  and  the  Structural  Design  groups  and  (2) between 
the  applied  work  in  industry  and  the  basic  work  at  the  university.  A 
rather  detailed  program  plan  has  been  formulated  to  ensure  this  close 
coupling  and  to  achieve  the  technical  objectives  set  forth  in  thi3  Introduction. 
A  general  review  of  this  program,  with  emphasis  on  how  the  work  of  one 
member  of  the  Association  is  coupled  with  that  of  the  other  two  members, 
is  given  in  Section  II  A  of  the  First  Annual  Report.  In  brief,  many  of 
the  activities  at  the  three  organizations  are  centered  around  the  design, 
fabrication,  and  testing  of  a  ring-  and  stringer-stiffened  tapered  cylinder 
representative  of  a  subscale  fuselage  section,  as  indicated  in  the  more 
detailed  discussion  of  the  program  objectives  that  follows.  The  program 
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also  includes  numerous  relevant  but  fundamental  studies  that  seek  an 
improved  understanding  of  the  structural  behavior  of  composite  materials 
<ind  a  better  analytic  foundation  for  the  design  of  advanced  composite 
cdlrnponents.  In  the- -following  paragraphs,  the  objectives  for  the  second 
vear  of  the  eight  parts  of  the  technical  program  are  discussed  briefly. 

1 .  Particulate  Composite  Studies 

High  modulus  graphite  fibers  were  not  available  at  the  start 
of  the  program;  therefore,  another  class  of  materials,  a  series  of  particu¬ 
late  composites,  was  selected  in  order  to  carry  through  all  aspects  of  an 
integrated  approach  to  applied  macerials  research.  Except  for  documen¬ 
tation,  the  particulate  composite  studies  have  been  completed.  Descrip¬ 
tions  and  preliminary  results  for  all  the  major  projects  were  presented 
in  Section  V  of  the  First  Annual  Report,  (i)  Concluding  activities  on 
these  projects  are  given  in  this  report. 

2.  Materials  Research  on  Graphite -Fibe r,  Metal-Matrix  Composites 

Unlike  the  situation  for  resin  matrix  composites,  fabrication 
processes  for  metal  matrix  cc.nposites,  applicable  to  graphite  fibers,  did 
not  exist  at  the  beginning  of  the  program.  Therefore,  the  initial  objective 
of  the  metal  matrix  research  was  to  develop  fabrication  processes  for 
composites  which  would  be  either  light  in  weight  o-  good  in  high  tempera¬ 
ture  properties.  Present  work  is  on  fabrication  anvi  high  tempt’ rature 
testing  of  nickel  matrix  and  aluminum  matrix  composites. 

3.  Materials  Research  on  and  Fabrication  of  Graphite -Fiber, 

Resin-Matrix  Composites 

A  major  part  of  the  graphite rfiber,  resin-matrix  composite 
work  is  the  preparation  of  materials  for  the  physical  properties  and  simple 
element  testing  programs  and  the  fabrication  of  a  stiffened  tapered  evlinder 
representative  of  a  subscale  fuselage  section.  This  work  must  necessarily 
be  done  with  present  state-of-the-art  technology.  ['  Concurrently ,  basic 
studies  are  being  conducted  to  improve  the  corp|>o£ite  material. 

4.  Physical  Properties  of  Graphite -Fibe r,  Resin-Matrix  Composites 

</*■ 

Extensive  physical  property  rhea  sure  rnents  are  being  xnade  to 
support  other  programs  of  the  Association.  Property  data  for  many  lay-up 
patterns  are  needed  for  the  design  and  analysis  of  the  fuselage  component, 
for  analysis  and  synthesis  studies,  and  for  the  evaluation  of  various 
analytical  procedures  used  to  predict  composite  properties  from  constituent 
properties. 

5 .  Design  Data  Studies  and  Simple  Element  Testing  on  Fiber 

Composite  3 

Investigations  of  various  test  methods  are  being  conducted  to  find 
improved  methods  of  obtaining  design  data  of  advanced  composite  materials. 
Conventional  physical  property  data  on  plate  and  cylinder  specimens  are 


being  assembled,  and  .structural  elements  are  being  tested  for  buckling 
and  strength  allowable!.  Gtudies  have  been  nijade  of  the  acoustic  fatigue 
resistance  of  graphite  fiber  composites. 

6 .  Micromechanics  and  Predicted  Design  Data  for  Fiber  Composites 

Design  with  fiber  composite  materials  reqr  res  the  ability  to 
reliably  predict  composite  properties  from  constitue.it  properties.  Such 
predictions,  particularly  those  of  strength,  must  be  based  on  a  detailed 
knowledge  of  the  stresses  both  in  the  fiber  and  in  the  matrix.  Several 
analytical  and  experimental  projects  have  been  initiated  to  predict 
elastic,  thermal,  and  strength  properties  and  to  investigate  internal 
stress  distributions  within  laminated  composites. 

7.  Structural  Analysis  and  Synthesis  Studies 

Most  composite  lay-up  patterns  are  anisotropic  and  exhibit 
nonlinear  stress-strain  behavior.  Reliable  design  with  such  materials 
requires  improvements  in  existing  analysis  and  synthesis  capabilities. 
Initial  work  has  been  concerned  with  improved  computer  programs  and 
procedures  for  analysis  and  synthesis  computations,  with  analysis 
procedures  for  nonlinear  materials,  and  with  methods  for  treating 
material  variables  in  the  automated  design  process.  Applications  are 
being  made  to  the  analysis  of  unstiffened  and  stiffened  plates  and  shell 
and  to  the  synthesis  of  a  fiber  composite  plate. 

8.  Fuselage  Component  Design  and  Analysis 

A  stiffened  cylinder  48  inches  long  and  tapered  from  20  to 
24  inches  in  diameter  i3  being  designed  and  fabricated  and  will  be 
tested  as  a  performance  demonstration  of  advanced  graphite  fiber 
oemposites  in  an  aerospace  application.  In  addition,  this  prototype 
activity  will  reveal  technical  areas  where  further  studies  are  needed. 
Orthotropic  shell  buckling  procedures  and  discrete  element  analyses 
are  being  employed  in  design  studies  which  cover  a  range  of  represent¬ 
ative  fuselage  loa.dings.  The  design  activities  include  comparative 
weight  efficiency  studies,  details  of  stiffening  rings  and  end  attachments, 
and  evaluation  of  structural  elements. 
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SECTION  II 
SUMMARY 


A.  Synopsis  of  Association  Program 

The  activities  of  the  Association  formed  by  Union  Carbide, 

Case  Institute,  and  Bell  Aerosystems  are  directed  toward  designing, 
fabricating,  and  evaluating  a  representative  component;  longer  range 
investigations  of  selected,  critical  problem  areas  in  advanced  composite 
technology;  and  involvement  of  students  in  an  important  new  technology. 

The  component  activity  serves  as  a  hardware  performance  demonstration 
and  also  serves  to  reveal  new,  or  emphasize  suspected,  technological 
shortcomings.  Investigations  of  these  shortcomings  and  of  other  problems 
that  clearly  must  be  solved  for  the  next  generation  of  advanced  composite 
applications  form  the  basic,  long  range  studies.  Observations  by  the 
graduate  students  of  the  total  program  and  their  participation  in  specific 
projects  contribute  uniquely  to  the  education  of  engineers  skilled  in 
advanced  composite  technology  and  the  awareness  of  the  nature  of 
industrial  research  and  development. 

Two  basic  construction  forms  were  considered  during  preliminary 
design  of  the  fuselage  component:  stringer-stiffened  skin  and  honeycomb 
stabilized  sandwich.  Structural  weight  efficiency  studies  indicated  that, 
at  low  to  moderate  loadings,  greater  performance  potential  and  design 
versatility  with  graphite  fiber  composites  would  be  expet  md  in  stringer- 
stiffened  constructions.  This  study  provided  guidance  foe  many  fabrication, 
design  data,  and  advanced  design  activities. 

Fabrication  processes  utilizing  "Thornel"  graphite  yarn  have 
been  developed  for  thin  gauge  composites  and  realistic  structural  element 
geometries.  Various  types  of  design  data,  including  finite  layer  effects 
and  bending  behavior,  have  been  measured  on  "Thornel"  25  and  40  com¬ 
posites.  Conventional  buckling  tests  of  "Thornel"  40  composite  plates 
have  yielded  buckling  allowable*  superior  to  those  of  7075 -T6  aluminum. 
The  testing  of  high  performance  «_>.npo  sites  presents  special  difficulties, 
projects  that  have  been  initiate  J.  obtain  better  data  include  a  new  plate 
buckling  test  for  the  nondestructive  measurement  of  flexural  rigidities 
and  prediction  of  buckling  allowables  and  a  simple  NOL  ring  test  that 
avoids  the  bending  moments  and  frictional  effects  of  the  split-D  test. 

Elastic  properties  under  membrane  and  bending  loadings  have 
been  calculated  with  existing  methods,  comparison  with  measured  data 
has  shown  fair  to  good  agreement.  As  with  all  types  of  fiber  composites, 
the  methods  for  predicting  composite  strengths  are  less  satisfactory 
than  those  for  predicting  moduli.  Several  projects  have  been  initiated 
to  obtain  improved  predictions  of  design  data  and  better  knowledge  o 
the  internal  stres3  distributions  within  the  composite;  two  projects 
have  been  completed:  an  elastoplastic  analysis  of  a  cylindrical  inclusion 
and  a  study  of  bonding  stresses  in  laminateu  cylindrical  shells. 


Advanced  design  activities  have  included  an  orthotropic  shell 
buckling  analysis,  based  on  a  cylindrical  shell  idealization,  that  has 
established  better  candidate  skin,  stiffener,  and  stabilizing  ring  laminate 
constructions.  The  powerful  methods  of  discrete  element  structural 
analysis  have  been  generalized  to  account  for  material  anisotropy.  Several 
formulations  for  shell-type  elements,  verified  on  known  solutions  to  plate 
and  shell  problems,  have  been  applied  to  analyze  stiffened-panel  element 
test  configurations.  Other  discrete  element  analyses  are  leing  made  of 
the  stiffened -shell  behavior  and  of  the  component  end  attachment. 

Extensive  results  have  been  obtained  on  several  additional  long 
range  projects.  Fabrication  studies  of  high  modulus  g raphite -fiber , 
nickel-matrix  composites  have  resulted  in  improved  processing  conditiona 
High  temperature  tensile  tests,  to  1050°  C,  have  yielded  specific  strengths 
at  least  twice  those  of  TD  nickel.  An  experimental  acoustic  fatigue  test 
program  has  demonstrated  good  acoustic  fatigue  resistance  for  "Thornel"- 
fiber,  epoxy-resin  composites.  New  and  improved  procedures  have  been 
developed  for  multiaxial  stress  analysis  of  structures  incorporating 
nonlinear  and  nonisotropic  materials.  One  procedure  employs  a  numerical 
minimization  of  the  energy.  A  collection  of  operational  computer  program 
packages  has  been  created  for  selected  unconstrained  and  inequality 
constrained  minimization  techniques  from  the  recent  literature.  These 
program  packages  have  been  used  extensively  in  the  nonlinear  analysis 
work  and  in  the  automated  optimum  design  studies.  Work  to  include 
fiber  composite  material  and  processing  variables  within  the  structural 
synthesis  (automated  design)  cycle  has  been  initiated.  The  synthesis  of  a 
simple  plate  problem  for  which  the  number  of  lamina,  the  fiber  angle,  and 
the  fiber  modulus  were  variables,  has  been  completed;  this  problem  has 
demonstrated  the  feasibility  of  including  material  variables  within  the 
optimization  process. 

B.  Particulate  Composite  Studies 

Studies  related  to  the  particulate  composites  have  been  completed. 
These  nonlinear,  transversely  isotropic  materials,  referred  to  as  the 
JT-series,  possess  higher  strengths  and  greatly  improved  oxidation 
resistance  compared  with  conventional  graphites,  due  to  the  addition  of 
from  30  to  70  percent  metallic  elements  to  the  graphitic  base  material. 
Many  of  the  results  and  experiences  obtained  from  these  studies  have 
been  or  will  be  applied  in  the  studies  of  graphite  fiber  composites, 
thereby  accelerating  the  fiber  composite  work.  Other  results  are  of 
intrinsic  importance  in  applications  involving  materials  which  behave 
similarly  to  those  in  the  JT-series. 

So  that  a  body  of  property  data  for  the  analysis  and  design  work 
might  be  available,  elastic  properties,  stress -strain  curves ,  strengths, 
and  thermal  properties  have  been  measured  on  nine  materials  having 
nominal  compositions  of  30,  50,  and  70  percent  additive  and  porosities  of 
5,  10,  and  15  percent.  As  part  of  a  study  of  failure  criteria  in  anisotropic 
materials,  average  fracture  strengths  for  composites  of  nominal  50 
percent  metallic  additive  and  various  porosities  (including  the  commer¬ 
cially  available  grade  JTA  composite)  have  been  determined  for  all 


combinations  of  biaxial  tensile  and  compressivt  stresses,  A  theoretical 
study  has  been  made  of  the  formulation  of  statistical  strength  distributions 
for  anisotropic  materials.  Flexural  strength  distributions  collected  on 
bend  bars  cut  at  30°  and  60°  with  respect  to  the  material  symmetry  could 
not  be  satisfactorily  predicted  from  distributions  for  0°  and  90°  bars. 

The  shape  of  the  failure  surface  under  biaxial  stresses  was  found  to  be 
a  function  of  the  probability  of  failure,  indicating  that  very  extensive 
multiaxial  stress  testing  would  be  necessary  for  prediction  of  strength 
at  the  low  probabilities  of  failure  required  in  reliable  structural  design 
for  aerospace  applications. 

The  structural  synthesis  study  of  an  axially  symmetric,  three- 
layer,  thick-walled  cylinder  subject  to  high  thermal  and  internal  pressure 
loading,  has  been  completed.  The  results  of  this  study  support  the  con¬ 
tention  that  the  materials  evaluation  function  is  a  useful  concept.  Further 
work  on  this  problem  should  consider  oxidation  resistance  as  a  function 
of  porosity  and  percent  additive  and  should  be  based  upon  a  nonlinear  multi¬ 
axial  stress  analysis  that  takes  into  account  behavior  differences  in  tension 
and  compression.  The  structural  synthesis  study  of  a  flat  simply  supported 
orthotropic  rectangular  panel  has  also  been  completed.  This  problem 
considers  structural  behavior  characteristics  such  as  bending,  buckling, 
multiaxial  stress  states,  and  thermal  stress  response.  Structural 
synthesis  concepts  can  be  applied  to  particulate  composite  structural 
systems  subject  to  complex  thermal  and  mechanical  loads.  The  construc¬ 
tion  of  a  materials  ;v  luation  function  based  on  synthesis  results  and  the 
use  of  the  materials  ^  /aluation  function  in  guiding  the  selection  of  an 
optimum  material  composition  for  a  particular  application  are  illustrated 
by  example. 

The  importance  of  considering  material  nonlinearity  was 
demonstrated  by  analysis  of  a  typical  rocket  engine  throat  insert  and 
comparison  of  the  results  with  those  presented  in  Section  V  H  of  the 
First  Annual  Report,  (l)  Compaied  with  he  stress  levels  obtained  with 
the  linear  analyses,  the  stress  levels  predicted  on  the  basis  of  material 
nonlinearity  were  as  much  as  an  order  of  magnitude  lower;  and  the  maxi¬ 
mum  strains  were  only  approximately  one -half  as  large. 

C.  Materials  Research  on  Graphite-Fiber,  Metal-Matrix  Composites 

The  need  for  greater  productivity  of  nickel-plated  graphite 
fibers  required  abandoning  the  batch  yarn  plating  technique  in  favor  of 
continuous  electrocladding  of  the  fibers.  Three  plating  baths  have  been 
evaluated  for  this  purpose:  Watt's,  nickel  sulfate-boric  acid,  and  nickel 
sulfamate.  The  Watt's  bath  yielded  the  best  results.  Since  fiber  mis¬ 
alignment  is  one  of  the  factors  considered  to  be  deleterious  to  the  physical 
properties,  fabrication  techniques  were  developed  which  result  in  more 
uniform  fiber  orientation.  The  effects  of  the  fabrication  variables  (tempera¬ 
ture,  time,  and  pressure)  on  the  physical  properties  of  graphite-fiber, 
niclrel-matrix  composites  have  been  investigated  in  detail.  This  work 
showed  that  the  maximum  forming  pressure  for  optimum  densification  and 
minimum  fiber  damage  is  approximately  2500  lb/ in.  2  at  both  900°  C  and 
1050° C.  Maximum  composite  strength  was  attained  with  55  volume  percent 
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fibers,  but  this  strength  level  is  still  only  60  percent  of  the  theoretical 
value  based  on  the  rule  of  mixtures.  Forming  pressures  in  excess  of 
2500  lb/in.  2  cause  increased  fiber  damage  that  results  in  lower  composite 
strength.  Three  fiber  damage  mechanisms  have  been  experimentally 
verified:  longitudinal  cleavage  along  the  fiber  axis,  bridging  between 
the  fibers,  and  breakage  of  fibers  into  shorter  length.  In  addition, 
surface  damage  to  fibers  is  suspected.  Thermal  degradation  of  the 
fibers  also  contributes  to  the  significant  difference  between  the  experi¬ 
mentally  achieved  and  theoretically  possible  properties.  This  degrada¬ 
tion  was  verified  by  annealing  nickel  clad  fibers  to  temperatures  between 
500°  and  1050° C  for  one  hour.  Physical  testing  of  the  fibers  after 
removal  of  the  Ni  showed  the  fibers  to  be  weaker  by  a  factor  of  approxi¬ 
mately  2/3.  Since  the  elastic  modulus  remained  unaffected,  a  surface 
rather  than  bulk  effect  is  evidently  present.  Annealing  of  composites  for 
300  hours  at  temperatures  of  500°,  700°,  and  800° C  caused  a  minor 
(approximately  10  percent  at  800°C)  decrease  in  room  temperature 
composite  tensile  strength.  High  temperature  tensile  strength  measure¬ 
ments  showed  that  the  specific  strength  of  graphite -fiber,  nickel-matrix 
composites  exceeds  that  of  TD  nickel  by  at  least  a  factor  of  two  at  all 
temperatures  to  1050° C.  Above  800° C,  the  composites  also  exceeded 
the  specific  strength  of  "Hastelloy"  alloy  X.  The  trend  of  composite 
tensile  strength  with  test  temperature  appears  to  have  a  minimum  at 
approximately  800°  C.  The  reasons  for  this  effect  are  under  investigation. 
The  preparation  of  graphite-fiber,  aluminum-matrix  composites,  involving 
the  concept  of  liquid  phase  sintering,  is  also  described. 

D.  Materials  Research  and  Fabrication  of  Graphite -Fiber,  Resin- 
Matrix  Composites 


Four  epoxy  resin  systems  have  been  evaluated  as  matrix  materials 
for  graphite  fiber  composites.  Low  modulus  graphite  yarn  and  "Thornel" 

25  graphite  yarn  were  used  in  fabricating  NOL  rings  with  these  resin 
systems.  The  system  ERL  2256/MPDA  was  selected  for  the  composite 
fabrication  work  because  this  system  has  good  handling  properties,  has 
a  relatively  long  pot  life,  and  gives  slightly  higher  strengths  for  "Thornel" 
composites  than  do  the  other  three  resin  systems. 

Some  additional  results  have  been  obtained  from  the  oxidation 
studies  of  low  modulus  graphite  yarn  that  were  started  during  the  first 
contract  year.  Oxidation  of  the  fiber  surface  by  a  solution  of  sodium 
dichromate  in  sulfuric  acid  significantly  improved  the  wicking  rates  of  all 
four  epoxy  resins  used  in  the  resin  systems  evaluation  studies.  A  good 
correlation  was  observed  between  the  increase  in  notched  beam  shear 
strength  and  the  increase  in  wicking  rate  as  the  yarn  immeruion  time 
was  increased,  a  result  that  indicates  wetting  is  a  good  measure  of 
adhesion. 

Approximately  forty  plates,  each  1  ft  by  1  ft,  and  several  small 
cylinders  have  been  fabricated  from  "Thornel"  25  and  40/ERL  2256 
composites.  In  preparation  for  fabricating  the  ring-  and  stringer - 
stiffened  subscale  fuselage  component,  several  types  of  stringers  and  rings 
and  a  single  large  unstiffened  cylindrical  shell  (20  inches  in  diameter) 
have  been  made. 
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Properties  of  "Thornel"  graphite  fibers  and  of  the  ERL  2256/MPDA 
resin  system  are  given  for  use  in  analytical  studies.  Lay-up  patterns  and 
fiber  volume  contents  of  the  plates  are  included.  Representative  optical 
micrographs  of  the  cross  sections  of  the  plates  are  also  included. 

E.  Physical  Properties  of  Graphite -Fibe r ,  Resin-Matrix  Composites 

Data  were  obtained  from  measurements  made  on  resin-matrix 
composite?  reinforced  with  "Thornel"  25  and  40  graphite  fibers.  These 
tests  were  carried  out  on  specimens  cut  from  unidirectional  and  multi¬ 
directional  plates  of  from  2  to  9  plies  in  thickness  and  on  hoop-wound 
cylinders.  Test  methods  were  developed  for  he  measurement  of  tensile, 
compressive,  bend,  short  beam  shear,  sonic  resonant  bar,  hoop  tensile, 
and  cylinder  torsion  properties  and  for  the  measurement  of  thermal 
expansion  and  conductivity.  The  variations  of  ultimate  tensile  strength, 
Young's  modulus,  and  Poisson's  ratio  were  measured  as  functions  of  the 
angle  of  the  test  specimen.  Complete  tensile  stress  versus  longitudinal 
and  transverse  strain  curves  were  also  measured  as  a  function  of  test 
specimen  angle. 

Complete  sets  of  Young's  moduli,  Poisson's  ratios,  and  the  in¬ 
plane  shear  modulus  have  been  obtained  for  membrane  loading  of  com¬ 
posites  with  various  lay-up  patterns  and  ply  thicknesses;  and  Young's 
moduli  and  Poisson's  ratios  have  been  obtained  for  bend  loading  of  most 
of  these  composites.  For  unidirectional  "Thornel"  25  and  40  composite 
plates,  the  Young’s  moduli  in  the  fiber  direction  were  11.1  and 
24.  6  x  106  lb/in.2,  respectively.  For  both  unidirectional  and  cross-plied 
plates,  the  principal  Young's  moduli  were  approximately  85  to  90  percent 
of  values  given  by  the  rule  of  mixtures. 

Uniaxial  tensile  tests  on  coupon-type  specimens  of  unidirectional 
"Thorne]"  25  and  40  composite  plates  gave  strengths  as  high  as  92  and 
140  x  103lb/in.  2,  respectively;  and  hoop  tensile  tests  on  cylinders  gave 
92  and  130  lb/ in.2,  respectively.  For  the  unidirectional  and  cross- 
plied  plates,  the  tensile  strengths  in  the  principal  diiections  were 
approximately  75  to  90  percent  of  values  given  by  the  rule  of  mixtures. 

Tests  on  several  cross-plied  "Thornel"  25  plates  of  different  thicknesses 
showed  no  degradation  in  strength  as  the  number  of  plies  decreased  from 
9  to  2.  In  principal  directions,  compressive  strengths  were  70  to  85  per¬ 
cent  of  tensile  strengths,  due,  in  part,  to  poorer  test  techniques.  Inter¬ 
laminar  shear  strengths  from  short-beam  flexure  tests  on  "Thornel" 

25  and  40  plates  were  5000  and  4000  lb/ in.  2,  respectively;  torsion  tests 
on  hoop  wound  cylinders  gave  interlaminar  shear  strengths  of  4000  and 
3300  lb/in.2.  Specimens  cut  from  plates  were  boiled  in  water  for  72  hours 
prior  to  testing;  this  treatment  reduced  the  shortbeam  shear  strength 
15  to  25  percentbut  reduced  the  tensile  and  compressive  strengths  only 
5  and  7  percent,  respectively. 

Preliminary  measurements  of  thermal  conductivity  and  thermal 
expansion  are  reported  for  "Thornel"  25  and  40  composite  plates  with 
unidirectional  and  cross-plied  lay-up  patterns. 
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The  split-D  tensile  test  fixture  for  unidirectional  NOL  rings  has 
been  examined  photoelastically  and  was  found  to  be  unsatisfactory  for  the 
establishment  of  reliable  design  data.  Stress  concentration  in  the  region 
of  the  split  due  to  bending  of  the  ring  element  produces  a  stress  state  from 
which  simple  tensile  data  cannot  be  extracted.  A  new  test  device  has  been 
developed  which  induces  a  uniform  tensile  stress  state  and,  thus,  gives 
more  reliable  design  data.  Several  configurations  and  sizes  of  flat  tensile 
specimens  have  been  investigated;  a  dog -bone  tensile  specimen  with  a 
hyperbolic  fillet  was  found  to  give  the  most  consistent  results.  The  effects 
of  gauge  section  widths  on  tensile  strength  of  angle-ply  specimens  were 
found  to  be  significant.  A  plot  of  tensile  strength  versus  gauge  width  has 
a  nonlinear  character  that  can  be  interpreted  as  a  dependency  of  the  tensile 
strength  on  shear  failure  within  and  between  the  plies. 

A  buckling  fixture  for  the  determination  of  flexural  rigidities  and 
the  buckling  allowables  of  fiber  composite  plates  has  been  developed.  The 
fixture  and  a  nondestructive  test  procedure  have  been  verified  by  using 
metallic  and  glass  fiber  composite  specimens.  Several  graphite  fiber 
comDosite  specimens  have  been  investigated,  and  the  correlation  of 
buckling  loads  with  those  obtained  analytically  establishes  this  test 
procedure.  The  four  point  twist  test  for  the  determination  of  the  twisting 
rigidity  of  fiber  plates  has  been  examined  experimentally.  The  effects  of 
specimen  size,  overhang,  initial  imperfection,  and  plate  deflection  were 
investigated,  and  limitations  on  these  parameters  were  established.  It  has 
been  experimentally  verified  that  certain  imperfect  plates  will  yield  spurious 
data.  A  test  program  based  on  the  steady-state  vibrational  response  of 
fiber  plates  has  been  initiated;  the  results  of  the  vibration  test  can  be 
correlated  with  analytical  predictions  and  the  results  of  the  plate  buckling 
tests.  Test  fixture  design  details  of  the  support  conditions  required  care¬ 
ful  investigation.  The  fixture  and  test  procedure  will  be  evaluated  by 
using  the  metallic  and  glass  fiber  composite  specimens  examined  with  the 
nondestructive  buckling  tests. 

Various  structural  characteristics  of  fiber  composite  stringers 
have  been  investigated  experimentally.  Box,  Zee,  angle,  and  channel 
section  stringers  were  examined  for  applicability  to  the  representative 
fuselage  component.  Crippling  tests  on  fiber  composite  panel  elements 
have  been  conducted  to  obtain  elastic  instability  and  ultimate  design  data 
for  "Thornel"  40  composites.  Although  the  stress  levels  corresponding  with 
elastic  instability  and  ultimate  strength  were  somewhat  lower  than  expected, 
poasibly  due  to  testing  difficulties,  a  structural  efficiency  advantage  of 
approximately  30  percent  was  indicated  for  the  "Thornel"  40  material  as 
compared  with  aluminum  alloy. 

Results  of  a  program  funded  by  Bell  Aerosystems  on  the  acoustic 
fatigue  resistance  of  advanced  composites  are  reported.  The  'Thornel" 
graphite  fiber  was  supplied  to  the  program  under  the  ARPA  contract. 

This  program,  concerned  with  the  acoustically  excited  panel  which  finds 
application  in  V/STOL  aircraft  and  air  cushion  vehicles,  included  pre¬ 
liminary  design,  material  evaluation,  fabrication,  and  component  testing. 


Testing  of  rings  provided  quantitative  data  relative  to  damping,  natural 
frequencies,  and  strengths.  Results  obtained  from  testing  of  panels  under 
acoustic  fatigue  environments,  although  qualitative  to  a  large  degree, 
demonstrated  that  graphite  and  boron  fiber  composites  possess  potential 
for  applications  wherein  resistance  to  fatigue  is  a  significant  factor. 

G.  Micromechanics  and  Predicted  Design  Du^a  for  Fiber  Composites 

A  survey  of  the  available  rnic romechanic  theories  for  the 
prediction  of  two-dimensiunal  elastic  properties  of  composite  materials 
was  conducted.  It  was  established  that  further  analytical  and  experimental 
w^rk  is  needed  on  composites  reinforced  with  orthotropic  fibers.  How¬ 
ever,  verification  of  predicted  composite  elastic  properties  which  are 
sufficiently  accurate  for  preliminary  design  purposes  has  been  obtained 
through  comparison  with  experimental  data  for  graphite  fiber  composites. 
As  a  step  toward  the  prediction  of  design  strength  allowables  for  graphite 
fiber  composites,  calculations  of  principal  strength  of  properties  of 
unidirectional  and  orthogonal  composites  have  been  satisfactorily  compared 
with  measured  data  on  "Thornel"  fiber  laminates;  strength  predictions  for 
angle  ply  laminates  have  not  been  as  satisfactory.  Thermal  conductivities 
of  graphite -fiber,  epoxy-resin  composites  in  pseudoisotropic  lay-ups  have 
been  investigated  by  utilizing  established  methods.  Calculations  were 
made  to  determine  the  influence  of  fiber  and  matrix  continuity  on  composite 
thermal  properties. 

Analytical  procedures  for  the  determination  of  internal  elastic 
stress,  strain,  and  displacement  distributions  of  fiber  composites  have 
been  investigated.  The  elastoplastic  analysis  of  a  cylindrical  elastic 
inclusion  in  a  uniformly  stressed  homogeneous  matrix  has  been  used  to 
establish  stress  and  strain  distributions  around  the  inclusion.  The 
material  properties  of  the  inclusion  and  the  matrix,  including  their 
stress-strain  curves,  are  assumed  to  be  arbitrary  and  independent  of 
each  other.  Several  examples,  including  the  limiting  cases  of  a  hole 
and  a  rigid  inclusion,  are  presented.  Two-  and  three-dimensional  mo  e  s 
of  fiber  composites  have  been  examined  photoelastically.  Shear-stress 
concentration  factors  in  excess  of  5  have  been  observed  at  fiber  en  s. 
Three-dimensional  models  are  being  examined  to  experimentally  obtain 
complete  stress  states.  Procedures  to  observe  directly  the  failure  of 
fiber  reinforced  composites  are  being  developed.  Glass  and  graphite 
fibers  (actual  size)  have  been  observed  during  loading  transverse  to 
the  reinforcement,  and  the  regions  of  failure  have  been  recorded  photo¬ 
graphically  to  guide  the  generation  of  failure  mechanism  hypotheses. 
Analytical  studies  to  determine  the  bonding  stress  in  laminated  cylmdrica 
shells  have  been  completed.  Stress  concentration  in  and  near  the  bond 
layer  indicates  a  possible  source  of  premature  failure. 

H.  Structural  Analysis  and  Synthesis  Studies 

Extension  of  discrete  element  methods  of  structural  analysis  to 
composite  material  structural  systems  requires  that  anisotropic  behavior 
be  considered.  Several  anisotropic  discrete  elements  for  analysis  of 
stiffened  thin  shell  structures  have  been  developed.  These  include 


triangular  membrane  and  plate  elements,  quadrilateral  membrane  and  plate 
elements,  and  a  doubly  curved  axisymmetric  ring  element.  These  elements 
have  been  verified  with  example  problems  for  which  alternate  solutions  are 
available  for  comparison.  This  numerical  verification  task  has  been 
completed  satisfactorily,  and  these  discrete  elements  are  being  used  in  the 
analysis  of  a  representative  fuselage  component.  The  use  of  incremental 
complementary  energy  methods  to  predict  multiaxial  stress  distributions 
that  take  nonlinear  material  behavior  into  account  has  been  introduced. 
Numerical  results  have  been  obtained  for  an  isotropic  plane  stress  problem 
with  linear  strain  hardening.  Correlation  of  these  results  with  a  previously 
published  solution  is  satisfactory.  Extension  of  the  incremental  comple¬ 
mentary  energy  method  to  the  case  of  nonlinear,  transversely  isotropic 
materials  which  behave  differently  in  tension  and  compression  has  been 
undertaken.  The  formulation  of  a  thick-walled  infinite  cylinder  problem, 
including  transverse  isotropy  and  different  behavior  in  tension  and  compres¬ 
sion,  has  been  completed.  A  reliable  and  efficient  operational  version  of 
the  method  of  feasible  directions  has  been  generated  as  an  algorithmic  tool 
for  obtaining  solutions  to  various  structural  synthesis  problems.  The 
potential  role  of  the  structural  synthesis  concept  in  design  with  fiber 
composites  has  been  illustrated  by  carrying  out  the  formulation  and 
solution  of  a  fiber  composite  panel  design  problem.  Although  this  example 
is  rather  idealized,  it  exhibits  many  features  characteristic  of  more 
realistic  design  problems  for  composite  material  structural  systems. 


Fuselage  Component  Design  and  Analysis 


Preliminary  design  studies  of  the  fuselage  component  have  been 
completed.  Structural  efficiencies  of  various  fuselage  construction 
concepts  were  compared  by  ur'ng  conventional  procedures  and  assuming 
isotropic  material  behavior.  Tor  the  range  of  loading  indices  of  interest, 
the  stringer-  and  ring -stiffened  skin  approach  resulted  in  the  lowest 
structural  weights.  Structural  weights  were  estimated  to  be  only  50  per¬ 
cent  of  the  weights  associated  with  aluminum  alloy  construction.  The 
influence  of  laminate  construction  was  exmained  for  plates,  columns, 
wide  columns,  and  unstiffened  shells  to  serve  as  a  guide  for  more  refined 
shell  analyses.  In  addition,  finite  layer  effects  and  stringer  configurations 
were  investigated. 


After  design  criteria  and  loading  conditions  for  the  fuselage 
component  were  established,  orthotropic  shell  buckling  analyses  were 
conducted  to  investigate  various  laminate  configurations  and  thicknesses.. 
Unidirectional,  bidirectional,  and  orthogonal  skins,  rings,  and  stringers 
were  analyzed  in  various  combinations.  Elastic  properties  of  the  laminates 
were  calculated  on  the  basis  of  "Thornel"  25  fiber  properties  and  a  fiber 
volume  content  of  65  percent;  the  fiber  was  treated  as  anisotropic.  With 
this  level  of  refinement,  the  orthogonal  skin  and  unidirectional  stringer 
configuration,  which  was  superior  to  others  investigated,  still  indicated 
a  50  percent  advantage  over  aluminum  alloy  construction.  At  this  point 
in  the  design  activities,  a  decision  was  made  to  employ  "Thornel"  40 
rather  than  "Thornel"  25  and  to  employ  fiber  contents  currently  available 
rather  than  those  expected  to  result  from  fabrication  procedure  improvements. 


Orthotropic  buckling  studies  of  "Thornel"  40  laminates  with  50  percent 
fiber  content  indicated  an  approximate  30  percent  weight  advantage  over 
aluminum. 

Because  of  the  inverse  relationship  between  fiber  content  and 
ply  thickness  and  the  influence  of  these  variables  on  buckling  behavior, 
parametric  studies  of  plates  and  columns  were  conducted.  The  results 
quantitatively  define  the  influence  of  these  variables  for  a  constant  number 
of  plies.  High  fiber  content  appears  desirable  for  unidirectional  columns, 
but  low  fiber  content  appears  desirable  for  orthogonal  plates.  Strength 
cut-off  data  are  required  before  minimum  fiber  content  can  be  defined. 

Preliminary  studies  of  the  fuselage  rings  identified  and 
qualitatively  compared  various  concepts  in  addition  to  parametrically 
relating  ring,  torsional,  and  bending  stiffnesses  to  fuselage  buckling 
strength.  Attachment  design  is  now  sufficiently  advanced  that  detailed 
analyses  can  be  initiated.  The  anisotropic  discrete  elements  developed 
during  the  program  were  employed  to  determine  the  stresses  and  de¬ 
flections  in  the  fuselage  shell. 
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SECTION  III 

PARTICULATE  COMPOSITE  STUDIES 


The  material  selected  at  the  beginning  of  the  program  for  the 
first  studies  was  a  class  of  particulate  composites  designated  as  JT-series 
materials.  These  composites  combine  the  good  thermal  shock  resistance 
of  graphite  with  oxidation  resistance  provided  by  incorporating  ZrB2  and  Si 
into  the  graphite  matrix.  When  this  material  is  exposed  to  oxygen  at  ele¬ 
vated  temperatures,  a  protective  oxide  coating  is  formed  on  the  exposed 
surface  by  oxidation  of  the  bulk  material,  thereby  providing  oxidation  pro¬ 
tection  in  depth.  One  member  of  this  series,  the  commercial  product  JTA, 
is  currently  being  used  for  rocket  nozzle  inserts  and  is  being  evaluated  by 
the  Air  Force  for  additional  applications.  The  physical  properties  of  the 
JT-series  materials  can  be  varied  by  changing  the  compos. tion  (i.  e.  , 
percent  metallic  additives)  and  the  porosity  of  the  particulate  composite 
material.  The  thermal  and  mechanical  properties  of  materials  in  this 
JT  series  can  be  thought  of  as  functions  of  the  material  variables  compo¬ 
sition  and  porosity  and  of  the  operating  temperature. 

A  logical  extension  of  existing  structural  synthesis  (automated 
design)  methods  is  to  add  material  variables  to  the  design  variables 
treated  in  the  optimization  process.  The  output  of  the  structural  synthesis 
process  would  be  the  specification  not  only  of  the  best  geometrical  shape 
of  the  component  to  carry  a  certain  load  but  also  of  the  best  material 
within  a  given  class  of  materials  from  which  to  make  the  component.  In 
this  way,  the  material  needs  of  the  designer  and  the  development  of  new 
materials  by  the  materials  supplier  would  be  integrated  into  one  process. 

A  primary  goal  of  the  particulate  composite  studies  is  to  demon¬ 
strate  this  integrated  approach  to  the  simultaneous  design  of  structural 
geometry  and  material.  Consider  the  design  of  a  simple  component  to 
perform  a  specified  set  of  functional  purposes.  The  design  task  is  to 
determine  the  geometric  proportions,  material  composition,  and  porosity 
in  such  a  manner  that  the  component  will  perform  the  functional  purposes 
adequately  and  satisfy  some  desirable  objective  that,  for  this  work,  wi 
be  minimum  weight.  This  task  may  be  attacked  by  considering  several 
discrete  materials,  each  one  within  the  JT  series,  and  then  obtaining  an 
optimum  design  of  the  geometric  proportions  for  each  discrete  material. 
These  optimum  design  weights  versus  composition  and  porosity  can  e 
used  to  construct  a  function  that  estimates  the  optimum  design  weight  as 
a  function  of  composition  and  porosity.  Functions  of  this  kind  will  be 
referred  to  as  materials  evaluation  functions.  Seeking  the  minimum  oi 
the  materials  evaluation  function,  subject  to  constraints  that  limit  the 
range  of  values  of  the  arguments,  leads  to  a  quantitatively  based  recom¬ 
mendation  for  an  improved  material. 

The  JT  materials  which  have  been  fabricated  for  this  study  are 
listed  in  Section  IIIA,  and  the  physical  properties  for  these  materials  are 
summarized  in  Section  IIIB.  Failure  criteria  for  nominal  50  percent 
additive  material,  obtained  by  multiaxial  stress  testing,  are  reported  in 
Section  IIIC.  A  theoretical  investigation  of  statistical  distributions  of 
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strength  in  anisotropic  maisrials  has  been  completed  and  applied  to  data 
obtained  from  off-axis  bend  tests  on  JTA  material  This  work  is  given  in 
Section  IIID.  Two  analysis  and  synthesis  studies  have  been  made  fo  the 
JT-series  materials:  a  three-layer  cylinder  problem  (see  Section  IDE) 
and  a  flat-plate  problem  (see  Section  IIIF).  In  Section  IIIO,  the  des !gn  of ^a . 
more  complicated  component,  a  rocket  nozzle  throat  insert  of  JTA  material, 
is  reported;  analysis  with  a  nonlinear,  anisotropic  material  was  investigated 
as  the  final  part  of  this  project. 

A.  Fabrication  of  JT-Series  Materials 

(R.G.  Fenish,  Union  Carbide) 

1,  Description  of  JT-Series  Materials 

The  JT-series  materials  are  graphite-base  refractory  composites 
similar  to  the  commercial  material  with  the  grade  designation  JTA  pro¬ 
duced  by  the  Carbon  Products  Division  (JTA  is  one  member  of  the  senes). 
On  a  weight  basis,  grade  JTA  is  composed  of  48.  1  percent  C,  42.  4  percen 
ZrB',  and  9-  5  percent  Si.  The  minimum  density  limit  for  grade  JTA  is 
3.  0  g/cm3.  During  manufacture,  the  silicon  combines  with  part  o  the  car¬ 
bon  to  form  silicon  carbide. 

In  this  work,  the  elements  Zr,  B,  and  Si  are  called  the  metallic 
additives;  these  elements  will  always  be  present  in  the  same  proportions  as 
in  JTA:  42.4  parts  of  ZrBz  to  9.  5  parts  of  Si.  Let 

c  =  mass  fraction  of  metallic  additive  in  the  fabricated  product 
and 


p  =  density; 

grade  JTA  may,  then,  be  specified  by  composition  c  =  51.9  percent  and 
density  p>3.  0  g/cm3. 

The  JT-series  materials  are  a  class  of  materials  produced  by 
varying  the  amount  of  metallic  additives  and  the  density.  In  order  to  vary 
the  density  at  a  fixed  composition,  variations  must  be  made  in  processing 
temperatures  or  pressures;  otherwise,  the  manufacturing  conditions  are 
kept  as  close  as  possible  to  those  for  grade  JTA  To  a  good  approxima¬ 
tion,  each  member  of  the  JT  series  can  be  identified  by  values  of  the  com¬ 
positional  variable,  c,  and  processing  variable,  the  density,  p.  To  me 
same  approximation,  the  physical  properties  of  the  JT- series  material 
may  be  considered  to  be  functions  of  only  two  material  variables,  c  and  p. 

2.  Material  Symmetry,  Coordinate  Orientation,  and  Billet  Notation 

All  of  the  JT-series  materials  are  molded  in  cylindrical  billets. 
This  process  yields  material  with  the  symmetry  characteristic  of  trans¬ 
verse  isotropy,  i.e.,  all  physical  properties  are  inv^iantmth  respect 

to  arbitrary  rotations  about  the  symmetry  axis,  which  is  parallel  to  the 
direction  of  molding  and  perpendicular  to  the  molding  ram  face. 


Throughout  this  study,  physic  1  properties  of  the  JT-series  materi¬ 
als  will  be  specified  with  respect  to  a  Cartesian  coordinate  system  oriented 
with  the  X!  and  x2  axes  in  the  plane  of  transverse  isotropy  and  the  x3  axis 
parallel  to  the  axis  of  rotational  symmetry.  These  symmetry-oriented 
coordinates  should  not  be  confused  with  other  typ  js  and  orientations  of  co¬ 
ordinate  svstems  used  in  the  stress  analysis  problems.  In  JT  material,  as 
in  other  molded  material,  the  elongated  graphite  particles  or  grains  tend  to 
be  aligned  with  their  two  larger  dimensions  parallel  to  the  plane  of  trans¬ 
verse  isotropy,  a  condition  which  has  led  to  properties  (Young's  modulus, 
coefficient  of  thermal  expansion,  etc.  )  in  directions  parallel  to  the  plane 
of  isotropy  being  called  "with-grain"  properties  and  properties  in  the  di¬ 
rection  parallel  to  the  symmetry  axis  being  called  "against-grain"  or 
"across-grain"  properties. 

The  billets  of  JT  material  fabricated  especially  for  this  program 
will  be  identified  by  the  letters  JT,  followed  by  the  designation  for  the 
nominal  composition,  and,  finally,  the  sequential  fabrication  number. 

Thus,  JT-30-4  designates  that  the  billet  is  the  fourth  to  be  fabricated  and 
that  the  composition  is  approximately  30  percent  metallic  additive. 

Commercial  JTA  billets  from  the  standard  production  material 
which  are  used  for  this  program  will  be  identified  by  the  letters  JTA 
followed  by  the  sequential  order  number.  Thus,  JTA-9  designates  the 
ninth  piece  of  commercial  JTA  used  for  this  program. 

3.  Calculation  of  Porosity 

Because  the  density  varies  with  the  composition  as  well  as  with 
porosity  in  the  material,  it  is  better  for  some  purposes  to  choose  com¬ 
position  c  and  porosity  p  as  the  material  variables,  rather  than  compo¬ 
sition  and  density.  Part  of  the  porosity  is  in  closed  porer ,  and  the 
volume  of  these  p">res  is  not  easily  measured.  Therefore,  the  porosity 
must,  be  calculated  from  the  measured  bulk  density  p  and  the  calculated 
theoretical  maximum  density  pm: 


p  =  )  -p/  pm  ( IIIA-1 ) 

The  procedure  for  calculating  the  theoretical  maximum  density  is  des¬ 
cribed  in  Section  VA  of  the  first  Annual  Report. (*  ) 

4.  Fabrication  of  JT-Series  Billets 

A  series  of  JT  materials  hi’.s  been  fabricated  for  mechanical 
and  thermal  properties  evaluation.  Carefully  controlled  processing 
conditions  were  employed  to  hot  press  billets  3  inches  in  diameter  and 
approximately  3.  5  inches  in  length.  Nominal  compositions  of  30,  50, 
and  70  percent  metallic  additive  were  used;  at  each  composition  the 
porosity  was  varied  from  a  low  of  2  to  6  percent  to  a  high  of  17  percent. 
Table  I  lists  the  composition,  density,  and  porosity  of  the  27  billets 
fabricated.  A  more  complete  description  of  the  fabrication  process  is 
given  in  Section  VA  of  the  First  Annual  Report. (*  ) 
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TABLE  I 


COMPOSITION,  DENSITY,  AND  POROSITY  OF  JT-BILLETS 
USED  F^R  PROPERTY  EVALUATION 


Billet 

Number 

Composition 
percent  additive 

Density 
g/cm3  . 

Porosity 

percent 

JT30-16 

31.  5 

2.  61 

6.  2 

JT30-48 

31. 5 

2.  57 

7.9 

JT30-40 

31. 5 

2.  54 

8.  8 

JT30-38 

31.  5 

2.48 

11.  1 

JT30-32 

31.  5 

2.  45 

11.9 

JT30-35 

31.  5 

2. 32 

16.  8 

JT30-31 

31.5 

2.  30 

17.  6 

JT50-46 

51.9 

3.  14 

4.  0 

JT50-22 

51.9 

3.  11 

4.9 

JT50-23 

51.9 

3.  08 

5.7 

JT50-43 

51.9 

3.  08 

5.7 

JT50-21 

51.9 

3.  C7 

6.  1 

JT50-44 

51.9 

3.  05 

6.7 

JT50-45 

51.9 

3, 04 

7.  0 

JT50-28 

51.9 

3.  02 

7.7 

JT50-42 

51.9 

2.95 

9.  8 

JT50-27 

51.9 

2.94 

10.  1 

JT50-29 

51.9 

2.82 

13.9 

JT50-26 

51.9 

2.  71 

17.  3 

JT70-19 

71.4 

3.  86 

1.6 

JT70-47 

71.4 

3.84 

2.  0 

JT70-20 

71.4 

3.  83 

2.  2 

JT70-18 

71.4 

3.82 

2.  6 

JT70-I/3 

71. 4 

3.  57 

8.9 

JT70-34 

71.4 

3.45 

11.9 

JT70-37 

71. 4 

3.42 

12.9 

JT70-17 

71.4 

3.26 

16.9 

B.  Physical  Properties  of  JT-Series  Materials 

(O.  L.  Blakslee,  C.  W.  Nezbeda,  and  T.  Weng,  Union  Carbide) 

The  objective  of  this  work  is  to  obtain  physical  property  data  to 
be  used  as  input  information  to  the  stress  analysis  and  structural  syn¬ 
thesis  calculations  performed  at  Case  Institute  and  Bell  Aerosystems. 

The  physical  properties  of  interest  are  the  elastic  moduli,  Poisson's 
ratios,  stress-strain  relations,  fracture  strengths,  thermal  conductivi¬ 
ties,  specific  heats,  and  coefficients  of  thermal  expansion.  The  results  of 
multiaxial  stress  tests  and  torsion  tests  are  given  in  Section  IIIC. 


1.  Methods  of  Measurement 


a.  Ultrasonic.  Elastic  constants  have  been  determined  from  the 
velocities  of  propagation  of  longitudinal  ai  d  transverse  ultrasonic  pulses 
at  one  megacycle  per  second  frequency.  L*ue  to  the  high  attenuation  of  the 
JT-series  material,  a  through-transmission  method,  has  been  used  with  a 
path  length  of  approximately  1. 25  inches  and  with  directions  of  propagation 
parallel,  perpendicular,  and  at  45  degrees  to  the  symmetry  axis  of  the 
material. 

b.  Resonant  Bar.  Elastic  constants  have  been  determined  from 
the  frequencies  of  longitudinal,  flexural,  and  torsional  vibrations  of  bars 
of  dimensions  1/4  x  1/4  x  3  inches.  In  addition,  measurements  have  been 
made  on  the  static  tension  and  flexural  specimens  to  detect  defects  and 
unusual  characteristics  of  the  specimens  prior  to  static  testing  and  to  pro¬ 
vide  a  check  of  the  moduli  determined  from  the  initial  slope  of  the  stress- 
strain  curves. 

c.  Tension  and  Compression  Tests.  Both  longitudinal  and  trans - 
v^rse  strains  have  been  measured  with  pairs  of  strain  gages  mounted  on 
dog  bones  in  tension  and  on  rectangular  prisms  in  compression.  The  dog- 
bone  blank  dimensions  were  1/4  x  5/8  x  2-3/4  inches,  and  the  gauge- 
section  dimensions  were  1/4  x  1.4  x  1-1/2  inches.  The  size  of  the  com¬ 
pression  sample  was  1/4  x  1/4x1  inch. 

d.  Flexural  Test.  Four-point  loading  on  bars  1/4  x  1/4  x  3  inches 
was  used  for  flexural  testing.  Transverse  and  longitudinal  tensile  and  com¬ 
pressive  strains  were  measured  at  tl  e  top  and  bottom  surfaces  with  strain 
gages.  Because  the  load  versus  strain  relations  are  nonlinear  and  slightly 
different  in  tension  and  compression,  the  data  obtained  from  flexural  tests 
were  converted  to  uniaxial  stress -strain  relations  by  means  of  Naidai's 
graphical  method. (2)  The  effect  of  frictional  forces  at  the  loading  and 
supporting  edges  was  taken  into  account  in  the  calculation  of  the  true 
stresses. 

e.  Thermal  Diffusivity.  Thermal  diffusivities  have  been  meas¬ 
ured  from  ambient  to  approximately  600°  C  by  a  flash  method.  (3)  The 
sample  size  was  5/8  x  5/8  x  0.  04  inch. 

f.  Specific  Heat.  Specific  heats  have  been  calculated  by  mul¬ 
tiplying  the  weight  percent  of  each  constituent  phase  by  the  specific  heat 
per  unit  mass  of  that  phase  ( carbon,  (4)  zirconium  diboride,  (5  )  and  silicon 
carbide, (4  )  assuming  complete  conversion  of  Si  into  SiC).  The  calcu-  ^ 
lations  were  made  at  100-degree  intervals  from  room  temperature  to,700oC. 
These  calculations  have  been  checked  from  room  temperature  to  400°  C  by 
measurements  made  with  a  Perkin -Elmer  Differential  Scanning  Calorimeter. 

g.  Coefficients  of  Thermal  Expansion.  The  coefficients  of  thermal 
expansion  from  room  temperature  to  700°  C  have  been  measured  by  the 
Newton's  rings  method  on  1 /2-inch  cubes.  Measurements  in  the  tempera¬ 
ture  range  from  roofh  to  2000°  C  have  been  made  on  bars  2-1/2  inches  in 
length  heated  in  a  tube  furnace.  Telescopes  equipped  with  micrometer 
eyepieces  were  used  to  measure  the  elongation. 
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TAB  L^E  II 

SUMMARY  OF  MECHANICAL  PROPERTY  DATA  FOR  J-T  MATERIALS 
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Units:  Moduli  -  106  lb/in.2;  Strengths  -  103  lb/in. 


2.  Mechanical  Properties 


Room  temperature  mechanical  property  measurements  on  the 
billets  listed  in  Tablt  have  been  mace  by  ultrasonic  and  sonic  resonant 
bar  tests  and  by  static  tensile,  flexural,  and  compressive  test?-'  For  each 
material  composition  and  for  each  property,  a  graph  of  the  property  versus 
porosity  was  prepared  on  which  the  data  points  from  the  various  test 
methods  ware  plotted.  A  best-by-eye  curve  was  drawn  through  the  points 
and  property  values  obtained  from  the  curve  at  porosities  of  5,  10,  and  15 
percent.  These  average  values  are  listed  in  Table  II.  (The  nominal  com¬ 
position  used  for  identification  differs  slightly  from  the  exact  final  billet 
composition.  ) 

a.  Moduli.  In  most  cases,  static  values  of  the  Young's  moduli 
are  approximately  10  percent  less  than  the  sonic  values.  This  discrepancy 
is  due  to  the  uncertainty  in  determining  the  initial  slopes  of  the  static 
stress-strain  curves  and,  possibly,  to  other  systematic  errors.  The  sonic 
modulus  results  are  considered  to  be  more  accurate  and  should  be  used  at 
near-zero  stress  levels;  the  static  stress -strain  curves  must,  of  course, 
be  used  at  higher  stress  levels.  Typical  stress -strain  curves  were  given 
in  Section  VB-4  of  the  First  Annual  Report.  The  variation  of  the  with- 
grain  and  across -grain  Young's  moduli,  with  composition  and  porosity, 
determined  by  the  sonic  resonant  bar  test,  is  shown  in  Figure  1.  The 
moduli  increase  with  increasing  metallic  additive  composition  and  de¬ 
creasing  porosity.  The  variation  of  Poisson's  ratios  with  composition 
is  negligible,  and  the  Poisson's  ratios  decrease  slightly  with  increasing 
porosity.  The  range  of  Poisson's  ratios  are:  -sl2/su  =  0.  08  to  0.  11, 
and  -s13/s33  =  0.  12  to  0.  15,  and  -sl3/sn  =  0.  28  to  0.  37. 

The  shear  moduli  follow  the  same  general  variation  with  compo¬ 
sition  and  porosity  as  do  the  Young's  moduli;  i.  e.  ,  the  shear  moduli  in¬ 
crease  with  increasing  composition  and  decreasing  porosity.  This  varia¬ 
tion  of  the  shear  moduli,  determined  by  the  sonic  resonant  bar  test,  is 
illustrated  in  Figure  2. 

b-  Strengths.  The  flexural  test  data  have  been  corrt  d  for 
nonlinearity  in  the  shear -strain  curves  and  for  friction  between  the 
specimens  and  the  fixture.  The  values  given  in  Table  II  are  less  than 
values  computed  on  the  basis  of  linear  elasticity  and  on  friction  by  23  per¬ 
cent.  The  tensile  strengths,  computed  from  load  divided  by  cross- 
sectional  area,  have  been  increased  by  a  factor  of  !.  06  to  allow  for  stray 
bending  moments  in  the  gauge  section.  Even  after  these  corrections 
are  made,  the  tensile  strength  is  consistently  less  than  the  flexural 
strength  by  approximately  10  to  20  percent.  Two  possible  causes  of 
this  difference  are  a  statistical  dependence  of  strength  on  test  volume 
and  stress  concentrations  at  the  fillet  of  the  dog-bone  shaped  tensile 
specimen.  The  variations  of  flexural,  tensile,  and  compressive  strengths 
with  composition  and  porosity  are  shown  in  Figures  3,  4,  and  5  for  both 
the  with-grain  and  across-grain  properties.  The  strengths  increase  with 
increasing  composition  and  decreasing  porosity;  the  variation  in  the  com¬ 
pressive  strength  is  particularly  large. 
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Figure  1.  Variation  of 
of  Young's  Moduli 
Versus  Composition 
and  Porosity. 
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Figure  2. 
Variation  of 
Young's  Moduli 
Versus 

Composition  and 
Porosity. 
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Figure  5.  Variation  of 
With-Grain  and  Across- 
Grain  Compressive 
Strengths  Versus  Com¬ 
position  and  Porosity. 
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a.  Specific  Heat.  The  dependence  of  specific  heat,  Cp,  on  tem¬ 
perature  is  given  in  Figure  6  for  the  nominal  compositions  at  30,  50,  and 
70  percent.  The  curves  were  calculated  from  the  specific  heats  of  the 
constituent  phases.  The  measured  points  are  in  very  good  agreement  with 
the  calculated  values. 

b.  Thermal  Diffusivity  and  Conductivity.  The  thermal  diffusivity, 
K j,  has  been  measured  from  room  temperature  to  600°  C.  The  thermal 
conductivity  k^,  has  been  calculated  from  the  thermal  diffusivity  by  means 
of  the  relation 


ki  =  pcp«i,  (IIIB-l) 

where  p  is  the  density.  The  thermal  diffusivity  and  thermal  conductivity 
results  for  the  nominal  30,  5  0,  and  70  percent  composition  and  5,  10, 
and  15  percent  porosities  are  reported  in  Tables  III,  IV,  and  V. 

c.  Thermal  Expansion.  The  coefficient  of  thermal  expansion 
data  showed  somewhat  greater  scatter  them  did  the  other  property  data. 
This  scatter  masked  any  dependence  of  the  thermal  expansion  on  porosity 
that  might  exist.  The  thermal  expansion  does  depend  slightly  on  com¬ 
position,  but  the  dependence  is  opposite  for  the  with-grain  and  across- 
grain  directions.  The  coefficients  of  thermal  expansion  aj  and  03  are 
almost  equal  for  the  70  percent  composition.  The  trends  cf  aj  and  03 
with  temperature  up  to  1500°  C  are  shown  in  Figure  7  for  the  nominal 
compositions  of  30,  50,  and  70  percent. 
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There  is  a  large  uncertainty  in  the  last  significant  figure. 


Temperature  (3C) 


Figure  7. 


N-17328 

Coefficient  of  Thermal  Expansion  Versus 
Temperature  for  JT-Material. 


d.  Effects  of  Annealing  on  Thermal  Expansion  and  Mechanical 
Properties.  Irreversible  dimensional  changes  occur  during  the  initial 
heating  of  the  JT-material  above  approximately  1600CC.  In  the-  across* 
grain  direction,  the  material  expands  between  1600°  and  2000PC  by 


amounts  of  the  same  order  as  the  intrinsic  thermal  expansion  up  to  1600°  C. 
In  the  with-grain  direction,  the  irreversible  dimensional  changes  are  much 
smaller  and  are  sometimes  positive  and  sometimes  negative.  During  the 
fabrication  process,  the  JT-billets  are  heated  to  temperatures  greater  than 
2000“C  and  cooled  under  pressure;  stress  relief  apparently  occurs  when 
the  billets  are  reheated.  When  the  same  specimens  are  cycled  a  second 
time,  irreversible  changes  still  occur  on  a  reduced  scale. 

Two  simple  experiments  have  been  performed  to  study  the  dimen¬ 
sional  changes  that  occur  during  reheating.  Specimens  of  JT-30,  50,  and 
70  material  were  machined  to  precise  dimensions  for  the  first  experiment. 
These  specimens  were  repeatedly  cycled  in  an  induction  furnace  (argon 
atmosphere)  from  room  temperature  to  various  higher  temperatures.  After 
each  temperature  cycle,  the  specimen  dimensions  were  checked  with  a 
micrometer.  Table  VI  summarizes  the  results  of  this  experiment,  and 
Figure  8  shows  a  representative  plot  of  the  data  for  one  of  the  specimens 
(JT-50-26).  In  Table  VI  and  Figure  8,  L,  is  in  the  across-grain  direction 
and  Ij',  and  L2  are  in  the  with-grain  directions.  In  this  experiment,  sev¬ 
eral  minutes  were  required  before  temperature  equilibrium  was  achieved 
(the  hold  time  was  approximately  30  seconds),  whereas  several  hours  at 
high  temperatures  were  required  for  the  coefficient  of  thermal  expansion  tests. 


N-11413 

Figure  8.  Room  Temperature  Dimensions  of  JT-50  Material 
after  Repeated  Anneals  to  Each  Higher  Temperature. 
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DIMENSIONS  OF  JT -MATERIAL  AFTER  CYCLING  TO  VARIOUS  TEMPERATURES- 
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Since  approximately  the  same  amount  of  growth  occurs  in  both  instances, 
the  growth  is  apparently  independent  of  these  heating  rates. 

Several  additional  specimens  were  machined  for  the  second  ex¬ 
periment.  These  specimens  were  repeatedly  cycled  between  room  tem¬ 
perature  and  20 00°C,  and  specimen  dimensions  were  measured  after  e.ich 
cycle.  Table  VII  summarizes  the  results:  after  two  temperature  cycles, 
no  further  growth  occurs  in  either  the  across-grain  or  with-grain  directions. 

The  specimens  should  be  pre-annealed  or  cycled  several  times  to 
2000°  C  before  measuring  the  coefficient  of  thermal  expansion  at  tempera¬ 
tures  greater  than  1600°C  to  insure  that  no  growth  will  occur  during  meas¬ 
urement.  This  procedure  should  insure  that  only  the  intrinsic  coefficient 
of  thermal  expansion  of  the  material  is  measured  above  1600°  C. 

A  third  experiment  was  run  to  determine  the  effect  that  anneal¬ 
ing  may  have  on  mechanical  properties.  Two-thirds  of  a  JT-billet  was 
annealed  at  2100°C  for  several  hours.  The  remainder  of  this  billet 
was  left  in  the  as-received  state.  Specimens  were  cut  from  both  por¬ 
tions  of  the  billet  for  mechanical  property  measurements.  Preliminary 
results  indicate  that  the  Young's  modulus  and  flexural  strength  in  both 
the  with-grain  and  across  grain  directions  do  not  change  significantly 
upon  annealing. 


C .  Failure  Criteria  and  Multiaxial  Test  Appar atu s 

{"T.  Weng,  tJnion  Carbide) 

1 .  Multiaxial  Stress  Test  Apparatus 

A  high  pressure  intensifier  capable  of  generating  a  pressure  as 
high  as  50,  000  lb/in.  2  has  been  installed  in  the  hydraulic  system  of  the 
multiaxial  stress  test  apparatus.  The  schematic  diagram  of  the  hydraulic 
system  is  shown  in  Figure  9.  A  torsion  test  machine  has  been  constructed 
and  is  shown  in  Figure  10.  A  Baldwin  Universal  Test  Machine  is  used  to 
provide  the  torque  by  pulling  a  steel  cable  wound  cn  one  of  the  torque  arms. 
The  torque  can  be  calculated  from  the  tensile  load  in  the  cable,  the  load 
being  measured  by  a  strain-gage  type  load  cell.  The  apparatus  is  designed 
so  that  the  shaft  to  which  the  torque  arms  are  welded  can  freely  slide 
axially  while  rotating.  This  arrangement  is  necessary  to  reduce  the  com¬ 
bined  coupling  effects  between  axial  load,  torque,  and  internal  pressure. 
The  final  version  of  the  multiaxial  stress  test  apparatus  has  been  designed 
and  is  currently  under  construction. 

2,  Torsion  Tests  of  JT-50  Composite  Material 

t 

Four  solid  torsion  specimens  of  JT-50  material  have  been  tested. 
The  overall  length  of  the  specimens  was  approximately  3.  5  inches;  the 
gauge  section  was  0.75  inch  in  diameter  and  2.0  inches  in  length.  The 
cylinder  axis  was  oriented  parallel  to  the  symmetry  axis  of  the  material. 
Shear  strain  and  longitudinal,  strain  were  measured  with  pairs  of  strain 
gages.  The  shear  3tress  as  a  function  of  the  shear-strain  curve  and  the 
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A.  Hydraulic  Pump  (0-5,  uOO  psi) 

B.  Pressure  Relief  Valve 

C.  Linear  Actuator 

D.  Control  Box  for  Linear  Actuator 

E.  Pressure  Gage  (0-5,  000  psi) 


F.  Pres  sure  Transducer (0- 5,  000  psi) 

G.  Pressure  Intensifier  (0-50,  000  psi) 

H.  Pressure  Transducer  (0-20,000  psi) 

I.  Hydraulic  Cylinder  (0-10,000  psi) 

J.  Pressure  Check  Valve 
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Figure  9.  Schematic  Diagram  of  Hydraulic  System  for 
Multiaxial  Stress  Test  Apparatus. 


shear  stress  as  a  function  of  the  longitudinal  strain  curve  are  shown  in 
Figures  11  and  12  for  one  of  the  specimens.  The  stress-strain  behavior 
for  these  specimens  is  similar  to  their  uniaxial  stress-strain  behavior: 
nonlinear  and  nonconservative. 

Since  the  torque,  shear-strain  curve  for  JT-series  composites 
is  nonlinear  and  nonconservative,  Nadai's  graphical  method(7  )  was  em¬ 
ployed  to  obtain  the  shear-stress,  shear-strain  relationship  from  the 
torque,  shear-strain  curve.  The  shear  properties  for  these  specimens 
are  also  given  in  Table  VIII.  The  shear-strain  for  specimen  1  was  not 
properly  recorded  and,  therefore,  cannot  be  us  ed  for  construction  of  the 
shear  stress  as  a  function  of  shear-strain  curve.  The  nonlinearity  cor¬ 
rection  on  shear  strength  is  approximately  9  percent. 

The  shear  modulus  and  shear  strength  tend  to  increase(and  the 
shear  strain  to  decrease  with  increasing  density.  The  value  of  the  shear 
strength  is  approximately  10  to  20  percent  greater  than  the  tensile  strength 
in  the  across-grain  direction.  The  specimens  exhibited  a  small  longi¬ 
tudinal  elongation.  Length  changes  in  plastically  twisted  circular  metal 
specimens  have  been  observed  by  Swift.  )  The  inherent  characteristics 
of  the  torsion  test  and  the  anisotropy  of  the  materials  are  believed  to  be 
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Figure  10.  Torsion  Testing  Machine. 
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Figure  11.  Shear-Stress  Versus  Shear  -Strain  Curve  for  JT-50  Material 
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Figure  12.  Shear-Stress  Versus  Longitudinal -Strain 
Curve  for  JT-50  Composite  Material. 

TABLE  VIII 

SHEAR  PROPERTIES  FOR  JT-50  COMPOSITE  MATERIAL 


Density 

Shear  Modulus 

1  / *44  ( 1 0*  lb/ in.  *) 

Shear  Strength 
(lb/in.  *) 

Shear 

Strain 

=3=5= r 

Long. 

Strain 

Specimen 

(g/cmJ) 

sonic 

static 

uncorrected  corrected 

(percent) 

(percent) 

1 

2.934 

2.  11 

• 

- 

0.  01 

2 

2.931 

2.  11 

1. 98 

5160 

4740 

0.  55 

3 

2.  27 

2.  43 

6160 

5630 

0.  44 

4 

3.  012 

2.  28 

2.  43 

6690 

6080 

0.48 

0.  04 

the  source  of  this  phenomenon.  (7  ,8  ’9  )  The  theory  of  anisotropic  plastic 
flow  developed  by  Hill(9  )  also  supports  the  explanation  of  the  length 
change  due  to  the  anisotropy  of  the  materials. 


3.  Failure  Criteria  Cor  Nominal  50  Percent  Additive  JT-Composite 
Mafcriaf 

The  fracture  strength  surface  for  JT-50  composite  material  has 
been  determined.  The  fracture  strength  in  the  compression-tension  quad¬ 
rant  (-<ru3  an<^  ^ul  )  reported  in  Section  V  E  of  the  First  Annual  Report1  ) 
was  obtained  by  the  combination  of  internal  pressure  and  axial  compressive 
load.  The  fracture  strengths  in  the  other  3  stress-state  quadrants  were 
obtained  by  testing  the  specimens  under  combinations  of  external,  internal, 
and  axial  end  pressures  <n  the  pressure  chamber  shown  in  Figure  13. 

Strain  gages  were  mounted  on  the  outside  surface  of  the  test  specimens  to 
measure  the  hoop  and  longitudinal  strains  as  well  as  to  detect  bending  in 
the  test  specimens. 


the  loading  path.  The  effect  of  the  loading  path  on  the  fracture  strength  was 
negligible.  Because  of  the  similarity  between  the  stress-3train  behavior  of 
grade  ATJ  graphite  and  that  of  the  JT-50  composite,  the  fracture  stress 
surface  of  the  JT-50  composite  should  also  be  independent  of  the  loading 
paths  under  which  the  specimens  were  tested. 

The  fracture  strength  surface  of  JT-50  composite  material  is 
shown  in  Figure  14.  Most  of  the  scatter  in  the  fracture  strengths  is  proba¬ 
bly  due  to  the  variation  of  porosity  of  the  specimens.  The  estimated 
fracture  strength  surfaces  for  the  isoporosities  of  5,  10,  and  15  percent 
are  also  shown  in  Figure  14.  Since  a  maximum  porosity  limit  for  grade  JTA 
is  8  percent,  the  fracture  strength  surface  of  grade  JTA  can  be  estimated 
from  Figure  14.  The  shape  of  the  fracture  strength  surface  in  the  first 
and  fourth  stress-state  quadrants  is  similar  to  the  fracture  strength  sur¬ 
face  for  brittle  materials,  such  as  cast  and  inoculated  irons.  ( 10  '  1 1  '  1 2)  An 
attempt  will  be  made  to  determine  how  well  the  existing  theories  of  fracture 
fit  the  experimental  data  on  the  JT-50  composite  material. 


Nominal  JT-50  Percent  Additive  Composite  Material. 
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D.  Statistical  Aspects  of  Failure  -  Application  to  Grade  JTA  Graphite  Composite 

Material 

(J  Y.  L.  Ho  and  F.  M.  Anthony,  Bell  Aerosystems) 

The  basic  purposes  of  this  study  were  to  investigate  the  importance  of  statistical 
considerations  on  material  failure  criteria  with  specific  application  to  anisotropic  par¬ 
ticulate  grade  JTA  graphite  composite,  and  to  investigate  the  practicality  of  predicting 
off-axis  statistical  strength  behavior  from  measurements  made  in  each  of  the  major 
material  axes.  If  the  statistical  nature  of  uniaxial  strength  under  off-axis  loadings  can 
not  be  predicted  from  strength  measurements  in  the  major  material  directions,  it  is 
unlikely  that  multiaxial  statistical  strength  behavior  can  be  predicted  from  uniaxial 
measurements  in  the  major  material  directions. 

The  interaction  of  probability  of  failure  and  multiaxial  stress  states  was  dis¬ 
cussed  in  Section  VDof  the  First  Annual  Report,  (Reference  1).  The  failure  surface 
of  brittle  materials  was  assumed  to  have  an  "ashtray"  shape.  Such  a  surface  can  be 
developed  experimentally,  but  only  at  great  expense.  It  was  considered  appropriate, 
therefore,  to  investigate  a  portion  of  the  surface  -  the  first  quadrant  -  to  see  if  a  com¬ 
bination  of  analysis  and  select  experiments  could  reduce  the  effort  required  by 
experiments  alone. 

1.  Test  Conducted  and  Analysis  of  Results 

A  JTA  billet,  7-1/2  inches  in  diameter  x  6  inches  high,  was  cut  into  1/2- 
inch  thick  slabs.  Each  slab  was  cut  and  machined  to  standard  size  bend  bars 
(3.5  x  0.2  x  0.2  -  inches)  at  the  following  angles  with  respect  to  the  grain  direction: 

(a)  0°  (with  grain)  -  50  bars 

(b)  30°  -  49  bars 

(c)  60°  -  43  bars 

(d)  90°  (across  grain)  -  42  bars 

An  attempt  was  made  to  cut  the  billet  so  as  to  obtain  samples  of  different  orienta¬ 
tions  from  various  locations  in  the  billet. 

Four-point  bending  tests  were  conducted  with  each  sample  supported  on 
3-inch  centers  and  loaded  on  1-inch  centers.  Failure  loads  were  measured  and 
maximum  bending  stresses  were  calculated. 

The  maximum  bending  stresses  < T  at  the  surfaces  of  the  bars  were  cal¬ 
culated  from  cr  =  Me /I  (where  M  is  the  applied  moment,  c  is  half  the  bar  height  and 
I  is  the  moment  of  inertia  of  the  bar  cross-section)  with  no  corrections  made  for 
material  nonlinearity  or  for  differences  between  tensile  and  compressive  elastic 
moduli. 
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Since  the  flaws  existing  in  the  material  are  random  in  size  and  orientation, 
the  rupture  stresses  of  the  test  bars  will  be  of  statistical  nature.  The  Weibull  dis¬ 
tribution  function  is  assumed  to  apply,  thus  the  probability  of  failure  distribution 
function  in  terms  of  the  maximum  bending  stress,  a  *,  is 


F  ( cr  *)  =  1  -  exp 


2  (m  +  1) 


(cr  *  -  a  ) 

' _ u 

&  <J  * 

0 


m  +  1 


(IIID-1) 


as 


In  equation  IIID-1,  Fr  (r  -  1,  2.  3  .  .  .  N),  r  is  the  order  of  stress 

uu  listed  in  increasing  order,  and  N  is  the  total  number  of  specimens  in  the  population. 
The  experimental  data  points  (F  ,  crr*)  are  usually  scattered  near  the  distribution 
curve.  To  determine  the  constants  cr  u,  cr Q  and  m  so  that  the  estimated  distribution 
curve  will  best  fit  to  the  data  points,  a  minimizing  process  is  used  which  is  similar 
to  that  described  in  Reference  13  for  tensile  loading. 

Equation  IIID-1  can  be  transformed  into  a  linear  function 


y  =  (m  +  1)  x  -  m  In  (7  +  In  —z - In  (m  +  1) 


(HID-2) 


where 


y  -  In  In  +  In  <r  * 


x=ln(«r*  -<ru) 


(IIID-3) 

(IIID-4) 


Equation  IIID-2  represents  a  straight  line  relation  between  the  two 
variables  y  and  x.  The  experimental  data  points  (Fr,  cr r*)  are  also  transformed 
into  the  y-x  plane  by  the  following  transformation. 


V  =  In  In 
Jr 


-  +  In  cr  * 

1  -  F  r 


xr  =  ln(crr*-cru) 


(niD-5) 

(IHD-6) 


By  the  method  of  least  squares,  the  sum  of  squares  of  deviations  from  the 
data  points  to  the  estimated  straight  line  is 
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r  =  1  L 


Ay. 


1  2  N 

-  y 

y„  -  y  (  o-  *) 

i—j 

J  r  =  1 

r  r 

(IIID-7) 


N 

-  z. 


-  (m  +  1)  In  ( -  tr^)  +  m  In  &  Q  -  ln^'-^j  +  In  (m  +  1) 


(IIID-8) 


For  any  given  set  of  experimental  data,  the  value  of  S  is  a  function  of  the 
three  variables  <xu ,  <x0  and  m.  In  order  to  minimize  the  value  of  S,  the  partial 
derivatives  of  S  with  respect  to  the  three  variables  <ru,  <r0  and  m  must  vanish 
simultaneously,  After  the  partials  are  removed,  the  Weibull  constants  can  be  found 

by  solving  three  simultaneous  equations.  From  T~~~  =  0  an<*  *4~  =  0,  the 
following  relations  are  obtained.  ^°r°  m 


A1A3  '  NA2 

m  =  m'  =  — x - 1 

a3-na4 


(HID -9) 


In  tr  =  In 

0  0 


r- 

Nm'  | 


Ax  +  (m'  +  1)  Ag  +  N  In  -  N  In  (m*  +  1)  |  (inD-10) 

as 


If  one  substitutes  Equation  IIID-9  and  niD-10  into  the  expression  for--  —  =  0,  the 
residual  function  can  be  defined  as  o  u 

R  (o-J  =  2  (m*  +  1)  ^Ag  -  (m' +  1)  Ag  +  ^m'  In  a'Q  -  ln-j-  +  In  (m’  +  l)j  A?j. 


where 


N 


\  *  £  y. 

r  =  1 


N 


A„  = 


=  Y  y  In  (r  *-<r 

2  J  r  v  r  u' 
r  =  1 

N 

A_  =  Y  In  ( <r  *  -  cr  ) 

3  ",  v  r  u' 

r  =  1 

N  r  -i2 

2  [ln;<rr*-'Ta)] 

r  =  1 


(IIID-11) 

(inD-12) 

(IIID-13) 

(IHD-14) 

(niD-15) 
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(IIID-16) 


N 

A.=  I 

5  r  =  1 


(a  *  -  a  ) 
r  ir 


N 


A.-  I 


r  =  1 


In  ( cr  *  -  a  ) 
r  u' 

(cr  *  -  a  ) 

'  r  ir 


N 

V  I 

r  =  1 


(a  *  -cr  ) 
'  r  ir 


(1110-17) 


(IHD-18) 


Since  Aj  (i  =  1,  2,  3  .  .  .  7)  are  functions  of  cru,  m'  and  In  cr0'  are  also 
functions  of  cru.  Hence,  the  residual  function  R  ( cru)  is  a  function  of  only  one  variable* 
cru.  A  computer  program  was  set  up  to  estimate  successively  the  value  of  (Tu  until 

R (cr  ')  =  0  for  <r  =  a  »  (mD-19) 

'  u  u  u  ' 


The  partial  derivatives  of  S  with  respect  to  <r0,  m  and  cru  will  vanish 
simultaneously  when  t rQ  =  Oq',  m  =  m'  and  <ru  =  <ru'.  The  values  of  m'  and  cr0'  can 
be  calculated  from  Equations  IIIO-9  and  HID-10  respectively  with  the  values  of  Aj 
(i  =  1,  2,  ...  7)  evaluated  at  <ru  =  <ru*. 

Table  IX  shows  the  Weibull  constants  -  u.  crQ  and  m  from  ^  experimental 
data  of  four  populations  by  the  computer  program. 

TABLE  DC 

DETERMINATION  OF  WEIBULL  CONSTANTS  (  cru  >  0) 


Grain  Direction 

N 

%  (psi) 

<rQ  (psi) 

m 

0° 

50 

6285 

1762.8 

3.231 

30° 

49 

6533 

1427.7 

3.2584 

60° 

43 

8323 

383.5 

3.1942 

90° 

42 

5875 

.  66.7 

1.5327 

Weibull  constants  were  also  computed  with  the  assumption  that  the  threshold 
stress  of  the  material  in  all  directions  was  zero,  i.e.,  cru  =  0,  as  shown  in  Table  X. 
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TABLE  X 


DETERMINATION  OF  WEIBULL  CONSTANTS  (O’  =  0) 


Grain  Direction 

N 

<TU  (Psi) 

(Psi) 

m 

0° 

50 

0 

6788 

6.424 

CO 

o 

o 

49 

0 

6759 

7.3268 

o 

o 

CO 

43 

0 

7307 

14.6711 

90° 

42 

0 

4300 

8.1174 

The  Weibull  distribution  curves  based  on  the  estimated  Weibull  constants  in 
the  above  tables  are  plotted  in  Figure  15  (cru  >0)  and  Figure  16  (cru  =  0).  In  both 
cases,  the  curves  fit  the  data  points  quite  well. 


The  maximum  bending  rupture  stresses  at  various  probability  of  failure 
levels  are  calculated  and  plotted  in  Figure  17  (  O"  u  >0)  and  Figure  18  (  0"u  =  0).  At 
high  probability  of  failure  levels,  these  bending  rupture  stresses  show  a  "modified 
cosine"  type  of  decrease  as  the  angle  of  grain  direction  increases  from  zero  to  90  ,  a 
performance  which  represents  the  strength  characteristics  of  the  anisotropic  material. 
At  very  low  probability  of  failure  levels,  this  type  of  decrease  in  rupture  strength  does 
not  hold.  The  rupture  strengths  of  60°  bars  fall  into  a  very  narrow  range,  indicating 
higher  rupture  strength  at  very  low  probability  of  failure  levels  compared  with  those 
at  other  angles  of  grain  direction. 

These  predictions  are  solely  dependent  upon  the  available  experimental 
results.  Although  the  data  points  of  each  angle  of  grain  direction  can  provide  a  statis¬ 
tical  distribution  curve,  the  rupture  stress  of  each  individual  bar  is  dominated  by  the 
flaws  existing  in  the  particular  portion  of  the  material.  The  60°  bars  may  not  vary 
as  much  as  bars  from  other  orientations.  But  this  condition  is  not  too  likely,  since 
an  attempt  was  made  to  obtain  samples  of  a  particular  orientation  from  various  loca¬ 
tions  in  the  billet.  Experimental  shortcomings  are  also  unlikely  to  have  influenced 
only  the  60°  bars  since  the  same  personnel  conducted  all  tests  using  the  same  equip¬ 
ment.  A  more  likely  possibility  is  that  the  mechanism  of  micro-fracture  of  JTA  may 
have  some  type  of  transition  as  the  angle  between  the  grain  direction  of  the  material 
and  the  principal  stress  direction  changes  from  0°  to  90°.  The  source  of  this  apparent 
anomaly  can  be  resolved  only  by  more  extensive  investigations.  Possible  approaches 
include  detailed  examination  of  the  fracture  surface  or  additional  tests  using  other 
billets.  Without  such  studies,  which  are  beyond  the  scope  of  the  present  effort,  no 
firm  conclusions  can  be  made. 
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Figure  16.  Cumulative  distribution  Functions, 
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Figure  17.  Strength  versus  Grain  Orientation  at  Various  Probabilities  of 
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Bending  Rupture  Stress  (psi) 


Figure  18.  Strength  versus  Grain  Orientation  at  Various  Probabilities  of 

Failure.  <r  =  0 . 
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2.  Failure  Predictions 


A  major  goal  of  this  investigation  was  to  examine  the  practicality  of  pre¬ 
dicting  the  statistical  strength  distributions  of  the  JTA  particulate  composites  at  any 
direction  with  respect  to  the  principal  material  orientation  axes  from  statistical  data 
obtained  in  the  two  principal  directions.  The  experimental  data  at  30°  and  60°  orient 
tations  could  then  be  used  to  assess  the  suitability  of  the  hypotheses  employed.  Three 
approaches  were  examined.  First,  the  Weibull  constants  were  assumed  to  vary  linear¬ 
ly  with  angle  of  orientation.  Second,  the  Weibull  constants  were  assumed  to  vary  as  a 
trigonometric  function  which  passed  through  the  values  at  0°  and  90°  in  such  a  manner 
that  the  slope  of  the  function  was  zero  at  these  two  orientations.  This  assumption  pre¬ 
serves  continuity  of  the  function  for  both  positive  and  negative  values  of  orientation 
angles.  Third,  the  assumption  was  made  that  failure  at  an  off-angle  could  be  predicted 
directly  from  the  statistical  data  obtained  at  0°  and  90°  by  resolving  the  applied  stress 
into  the  two  principal  material  directions  and  treating  the  probability  of  survival  of 
the  sample  as  the  product  of  the  probabilities  of  survival  in  each  direction. 

The  estimated  Weibull  constants  of  the  distribution  curves  at  various  angles 
of  grain  directions  are  plotted  in  Figure  19.  Obviously  straight  line  or  trigonometric 
functions  based  on  0°  and  90°  data  alone  would  not  provide  good  predictions  of  this 
unusual  behavior.  The  degree  of  error  due  to  such  functional  variations  of  Weibull 
parameters  with  angle  was  then  determined. 


The  linear  approximation  had  the  form 


<c>  <#>  =|*<c)9„.  +  [  i--^r] 


</> 


«V 


The  trigonometric  function  had  the  form 
(C)  4>  =  (C)9Qo  sin2  <f>  +  <C)0o  cos2  <f> 


(III  D-20) 


(in  D-21) 


The  C's  represent  the  Weibull  constants  o~u  ,  cr  q  and  m. 

The  distribution  curves  based  on  the  constants  predicted  with  the  linear 
function  are  plotted  in  Figure  20,  do  not  coincide  with  60  and  30  data.  The  fit  with 
the  trigonometric  function  was  no  better.  The  third  approach  gave  the  poorest  corre¬ 
lation.  The  probability  of  failure  is  related  to  the  probability  of  survival  by  F  =  1  -  S. 
If  events  are  unrelated,  the  probability  of  survival  of  a  component  is  the  product  of  the 
probability  of  its  surviving  each  event,  i.e.,  S  =  Sx  x  S^. .  ..However,  when  the  applied 
stress  is  resolved  into  components  in  the  principal  directions  and  the  probability  of 
survival  under  these  normal  stresses  are  computed,  the  resultant  probability  of  com¬ 
ponent  (test  bar)  failure  is  much  less  than  the  probability  obtained  experimentally.  As 
applied,  this  approach  neglects  the  influence  of  the  shear  stresses  resulting  from  the 
rotation  of  stresses  to  the  principal  material  directions.  Inclusion  of  shear  effects 
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Grain  Orientation  Angle  (degrees) 


Figure  19.  Weibull  Constants  as  Functions  of  Grain  Orientation 


might  improve  the  correlation,  but,  unfortunately ,  shear  strength  data  are  lacking.  At 
this  time,  the  statistical  behavior  of  the  JTA  material,  and  perhaps  other  particulate 
anisotropic  composites,  can  be  determined  only  experimentally  by  evaluating  samples 
cut  at  various  angles  to  the  principal  material  directions. 

The  data  generated  during  this  study,  however,  provide  some  verification  of 
the  "Ashtray"  failure  concept  presented  in  First  Annual  Report,  Section  V  D, 
(Reference  1). 

Bending  rupture  stresses  for  JTA  bend  bars  with  various  grain  directions 
at  different  probability  of  failure  levels  F  =  0.8,  0.2,  0.01  and  J  are  plotted  in  polar 
coordinates  as  shown  in  Figure  21.  For  different  assumptions  (  <r  >0  and  cru=0), 
the  deviations  from  the  elliptical  shape  that  may  have  been  expected  are  small  at  high 
F  values  and  become  larger  as  the  F  values  decrease.  These  failire  criteria  are  not 
the  same  as  the  conventional  failure  criteria  because  the  maximum  bending  rupture 
stress  (which  is  also  the  principal  stress)  is  not  in  the  same  direction  as  the  principal 
material  direction  for  30°  and  60°  bars. 

A  similar  situation  is  apparent  if  the  stress  applied  to  a  bar  of  arbitrary 
material  orientation  is  resolved  into  normal  components  in  the  principal  material 
directions.  Figure  22  shows  the  normal  stresses  in  the  with-grain  and  across-grain 
directions  due  to  the  bending  stress  in  a  bar  cut  at  an  angle  <j>  from  the  with-grain 
direction.  The  pictorial  insert  illustrates  the  resolution  of  the  applied  stress,  a(j)  *, 
into  two  normal  stresses  and  the  t.  hear  stress  (  9  4>  *)  o°>  (  a  4>  *)9o°and  T4> 
respectively.  In  an  approximate  way,  Figure  22  resembles  the  first  quadrant  of  a 
biaxial  failure  criteria  diagram.  Of  importance  is  the  fact  that  the  constant  probabit 
ity  of  failure  contours  change  quite  radically  in  shape  at  low  probability  of  failure 
levels.  The  fact  that  shear  stresses  have  oeen  neglected  will  not  alter  this  trend. 

If  the  shear  effect  is  independent  of  the  probability  of  failure,  the  relative  shapes  of 
the  probability  of  failure  contours  would  not  change.  If  the  shear  effect  is  a  function 
of  probability  of  failure  it  is  very  unlikely  that  the  functional  relationship  would 
cancel  the  observed  trends  for  the  normal  stresses.  These  conclusions  can  have  a 
significant  influence  on  structural  design  efforts  with  particulate  materials.  There 
is  an  implication  that  the  current  procedure  of  verifying  a  multiaxial  failure  criterion, 
through  the  use  of  relatively  few  data  points  at  various  stress  ratios,  may  lead  to 
serious  errors  when  brittle  components  of  high  reliability  are  to  be  designed. 

As  a  result  of  this  investigation,  the  following  conclusions  were  reached. 

(1)  A  statistical  approach  is  required  to  achieve  high  reliability  in  predic¬ 
tions  of  failure. 

(2)  The  shape  of  the  failure  criteria  is  a  function  of  probability  of  failure. 

(3)  Interpolation  of  rupture  strength  statistical  distributions  at  off-axis 
angles  between  major  directions  can  lead  to  serious  errors. 

(4)  Presently  available  data  are  insufficient  to  permit  statistically  significant 
predictions  of  failure  contours. 
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Figure  22.  Normal  Stresses  In  With- -Grain  and  Across-Graln  Directions  Due 
the  Bending  Stress  in  <p  -Degree  Bars  . 
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E.  Analysis  and  Synthesis  of  Three  Layer  C> linger  -  Application  to  JT 
Series  Materials 

(Professor  Sennit  and  Mr.  V.  Genberg) 

The  structural  synthesis  study  of  an  axially  symmetric  three  layered 
thick-walled  circular  cylinder  subject  to  high  thermal  and  pressure  loading 
on  the  inner  surface  has  been  completed.  This  idealized  representative 
component  was  selected  because  it  exhibits  many  of  the  characteristics  found 
in  certain  high  temperature  nozzle  inserts  and  thrust  chambers. 

Each  of  the  three  layers  can  be  a  cylindrically  orthotropic  material 
with  temperature -dependent  thermal  and  mechanical  material  property  .  The 
internal  radius  (ra)  (see  Figure  23)  and  the  material  properties  are  pre¬ 
assigned  parameters.  The  individual  layer  thicknesses  (Dj,  D2,  and  D3)  are 
the  design  variables.  Each  of  several  distinct  load  conditions  is  specified 
by  giving  the  internal  and  external  pressure  and  temperature  as  functions  of 
time  (the  option  to  specify  the  heating  rate  as  a  function  of  time  on  the 
inner  surface  is  included).  The  failure  modes  guarded  against  in  each  load 
condition  include  temperature  and  radial  displacement  limits  as  well  as  failure 
under  combined  stress.  The  objective  function  is  assumed  to  be  minimization 
of  the  weight  per  unit  length  of  the  cylinder.  The  thermal  and  stress 
analyses  employed  in  this  study  will  be  found  in  Section  V-F  of  the  First 

Annual  Report and  the  synthesis  algorithm  used  is  a  feasible  directions 
method  described  in  Section  IX  B5  of  the  same  report.  The  further  develop¬ 
ment  of  a  preprogrammed  feasible  directions  procedure  is  described  in  Section 
IX  D  of  this  report.  The  results  and  conclusions  of  this  completed  project 
are  given  in  Reference  14. 

Minimum  weight  optimum  designs  have  been  obtained  for  several  example 
cases.  In  each  case  the  outer  layer  is  6061  aluminum  alloy,  the  middle 
layer  is  V204  asbestos  felt,  and  the  inner  layer  is  a  member  of  the  JT  parti¬ 
culate  composite  family.  The  internal  radius  and  the  load  condition  informa¬ 
tion  summarized  in  Table  XI  were  provided  by  Bell  Aerosystems  and  are  intended 
to  be  representative  thrust  chamber  temperature  and  pressure  conditions. 

Material  property  information  for  the  two  outer  layers  was  obtained  from  Bell 
Aerosystems  and  tire  material  proper  ty  information  on  each  of  nine  JT  candidate 
materials  for  the  inner  layer  was  obtained  from  Union  Carbide.  Minimum  weight 
designs  have  been  obtained  using  each  of  eight  JT  candidate  materials  for  the 
inner  layer.  The  optimum  designs  found  using  the  structural  synthesis  pro¬ 
gram  are  summarized  in  Table  XII.  Comparing  the  eight  discrete  optimum 
designs  in  Table  XII,  it  is  seen  that  the  lightest  weight  is  achieved  with  the 
JT  30-151*  porosity  material  (Figure  24) . 

T^fi  weight  of  each  optimum  design  listed  in  Table  XII  is  plotted 
versus  the  porosity  and  the  percent  additive  in  Figure  25.  A  materials  evalua¬ 
tion  function  (MEF)  expresses  the  merit  of  a  material  in  a  particular  applica¬ 
tion  as  a  function  of  variables  which  cltarc.cterize  the  material  within  its  class. 

*" . 7 - 7 - - - - - - - - - - 

The  designation  JT  30-15%  refers  to  a  JT  series  graphite  composite  containing 

30%  metallic  additive  and  having  15%  porosity. 
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Figure  23.  Three  Layer  Thick-Walled  Cylinder 


TABLE  XI 

INPUT  DATA  FOR  CYLINDER  SYNTHESIS  PROBLEM 

Internal  Radius  r 
o 

Internal  Pressure 
External  Pressure 
Internal  Gas  Tenperature 
External  Gas  Tenperature 

Heat  Transfer  Coefficient 

Tenperature  Limit  -  Layer  1 
Tenperature  Limit  -  Layer  2 
Tenperature  Limit  -  Layer  3 
During  of  Firing 


TABLE  XII 

OPTIMUM  DESIGNS  FOR  JT  COMPOSITE  CYLINDERS 


Layer  Thicknesses 

(inches) 

Weight  (lb/in) 

Material 

D1 

D2 

D3 

W 

JT  30-5* 

2.814 

0.235 

0. 231 

10.595 

JT  30-10% 

2.920 

0.150 

0.222 

10.332 

JT  30-15% 

2.990 

0.127 

0.202 

9.967 

JT  50-5% 

2.932 

0.199 

0.185 

12.498 

JT  50-10% 

2.932 

0.265 

0.211 

12.131 

JT  50-15% 

2.987 

0.264 

0.224 

11.840 

JT  70-5% 

3.050 

0.138 

0.030 

14.641 

JT  70-10% 

3.104 

0.184 

0.071 

14.468 

JT  70-151  No  Acceptable  Design  Found 
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Figure  24.  Materials  Evaluation  Function. 


AOCrnVE  (PERCENT) 

Optimum  Weights  Versus  Amount  of  Additive  for  Fixed  Porositie 


The  essential  conflict  can  be  described  qualitatively  as  follows. 
Increasing  the  percent  additive  increases  the  oxidation  resistance,  but  also 
increases  the  final  weight  of  the  optimum  design.  Decreasing  the  porosity 
increases  both  the  oxidation  resistance  and  the  final  weight.  Thus,  a  com¬ 
promise  dependent  upon  the  desired  performance  is  necessary.  If  oxidation 
resistance  as  a  function  of  porosity  and  percent  additive  were  known,  the 
information  could  be  used  as  a  constraint  while  the  minimum  of  the  MEF  was 
being  determined.  Currently,  this  constraint  is  represented  by  planes 
at  30%  additive  and  151  porosity. 

This  study  indicates  that  future  investigators  should  include  material 
nonlinearity  in  addition  to  the  cylindrica1  orthotropy  and  the  temperature 
dependent  mechanical  properties  accounted  for  by  the  stress  analysis  employed 
herein.  Nonlinear  stress  analysis  studies  aimed  in  this  direction  are 
currently  underway.  A  logical  extension  of  this  project  would  be  to  incorpor¬ 
ate  porosity,  and  composition  as  design  variables  within  the  structural  syn¬ 
thesis  program.  Basically,  this  extension  requires  that  the  objective  func-  . 
tion  and  the  failure  modes  be  expressed  as  functions  of  the  two  additional 
design  variables  (porosity  and  percent  additive  of  the  JT  layer) .  Expressing 
the  objective  function  and  its  analytical  gradient  as  a  function  of  the  three 
layer  thicknesses  as  well  as  the  porosity  and  composition  of  the  JT  layer  is 
straight  forward.  The  failure  mode  functions,  however,  depend  upon  those 
material  variables  through  the  mechanical  and  thermal  properties  of  the  JT 
layer.  Therefore,  since  interpolation  between  available  material  data 
points  would  be  used  to  represent  the  dependence  of  the  material  properties 
of  the  JT  layer  on  the  porosity  and  the  percent  additive,  experimental  data 
for  several  additional  JT  materials  would  be  required  to  obtain  reasonable 
accuracy.  Extension  of  the  current  structural  synthesis  program  to  include 
porosity  and  composition  of  the  JT  layer  as  design  variables  is  described 
further  in  Appendix  E  of  Reference  14.  It  would  not  be  profitable  to  program 
this  extension  for  the  present  case  until  a  relation  for  oxidation  resistance 
as  a  function  of  porosity  and  percent  additive  is  established. 
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F.  Analysis  and  Synthesis  of  Flat  Plate 

(Processor  "S’chmit  and  Mr.  C.  diamis) 

1.  Introduction 


A  flat,  simply  supported  orthotropic  rectangular  panel  (see  Figure 
26)  was  chosen  as  a  second  idealized  representative  component.  This  system 
exhibits  several  important  structural  behavior  characteristics  such  as 
bending,  buckling,  multiaxial  stress  states,  and  thermal  stress  response* 

The  loadings  on  this  panel  include  thermal  inputs  on  the  exposed  surface 
[for  example,  q(t)],  transverse  pressure  loading  (p) ,  and  in-plane  membrane 
forces  (N  ,  N  ,  and  N  ).  The  planfoim  dimensions  of  the  plate  (a,b)  are 

preassigned  parameters,  and,  initially,  the  material  of  the  plate  will  also 
be  preassigned.  When  the  material  is  preassigned,  the  temperature  dependent 
thermal  and  mechanical  properties  of  the  plate  are  assumed  to  be  known. 
Initially,  then,  the  design  variables  are  the  plate  thickness  and  the  angel 
0  orienting  the  material  axes  (1,  2)  with  respect  to  the  planform  axes  of  the 
plate  (x,y).  Failure  modes  to  be  guarded  against  in  each  load  condition 
include  temperature  and  transverse  displacement  limits  as  well  as  failure 
under  combined  stress.  The  objective  of  the  structural  synthesis  is 
assumed  to  be  minimization  of  the  total  weight  of  the  plate. 

The  underlying  analysis  for  this  synthesis  study,  which  will  be 
found  in  Section  V  G  of  the  First  Annual  Report consists  of  three  parts: 
the  transient  temperature  distribution  solution,  the  displacement  response, 
and  the  stress  analysis.  Hie  thermal  analysis  is  carried  out  through  the 
use  of  the  one -dimensional  heat  conduction  equation  including  temperature- 
dependent  thermal  properties.  The  transient  temperature  response  through 
the  thickness  of  the  plate  is  obtained  using  an  inplicit  finite  difference 
solution  technique.  The  displacement  analysis  is  based  on  small  deflection 
elastic  thin  plate  theory.  The  basic  field  equation  is  a  vertical  equili¬ 
brium  equation  in  terms  of  the  unknown  transverse  displacement  w(x,y) .  The 
series  expansion  selected  to  represent  approximately  the  transverse  displace¬ 
ment  w(x,y)  satisfies  the  imposed  boundary  conditions  (namely,  the  w(x,y)  *  0 
on  all  four  simply  supported  edges).  The  field  equation  subject  to  the 
natural  boundary  conditions  (namely,  M  *  0  on  all  four  simply  supported  edges) 
is  solved  approximately  by  applying  the  generalized  Galerkin  method  which 
yields  a  system  of  linear  simultaneous  equations.  Solution  of  this  system 
of  simultaneous  equations  gives  the  values  of  the  coefficients  in  the  series 
expansion  for  w(x,y)  and,  hence,  an  approximate  functional  expression  for 
the  transverse  displacement  pattern  of  the  plate.  The  stress  analysis  is 
based  on  the  stress  displacement  relations,  and  the  end  result  essentially 
expresses  the  stresses  in  terms  of  the  applied  temperature  distribution, 
the  applied  in-plane  forces,  and  the  applied  transverse  load  distribution. 

In  this  report,  a  combined  stress  failure  criterion  in  the  form  of 
an  interaction  equation,  which  is  used  in  the  synthesis,  is  discussed;  the 
synthesis  problem  of  the  particulate  composite  is  defined;  and  synthesis 
results  for  the  nine  candidate  materials  from  which  the  materials  evaluation 
function  is  to  be  constructed  are  presented.  Lastly,  the  materials 
evaluation  function  is  formed. 


2.  Combined-Stress  Strength-Criterion 


The  combined-stress  strength-criterion  used  as  a  behavior  con¬ 
straint  in  the  synthesis  has  the  following  form: 


allc  5228 


Y  gHa 

^2°6 


°22e 

1*22? 


<  1 


(III  F-l) 


where  a  and  S  are  the  applied  stress  and  uniaxial  strength,  respectively. 

The  subscripts  o  and  6  become  T (tens  ion)  or  C  (compression)  depending  upon 
the  type  of  applied  stress.  The  constant  K^2aB  is  an  empirical  factor 

which  is  to  be  evaluated  from  tests  on  specimens  loaded  in  the  appropriate 
quadrant  ,  i.e. ,  TT,  TC,  CT  and  CC  for  the  cases  of  tension- tension,  tension- 
compression,  compression-tension,  and  compression- compression,  respectively. 


Equation  III  F-l  is  derived  by  postulating  that  the  distortion 
energy  of  a  generally  orthotropic  body  remains  invarient  under  simple  and 
combined  loading.  In  this  derivation,  the  constant  IC^g  is  a  function  of 

the  elastic  constants  of  the  material.  However,  the  assumptions  on  which 
the  distortion  energy  formulation  is  based  do  not  strictly  hold  for  the 
pa:ticulate  composites  under  consideration.  Therefore,  it  is  more  realistic 
to  choose  Kj2aB  so  ^at  e3<Perimental  results  and  predicted  values  from 

Equation  III  F-l  agree  reasonably  well.  Figure  27  illustrates  this  concept. 


This  approach  is  illustrated  in  Figure  27,  where  the  experimental 
results  reported  in  Section  III  C  are  superimposed  on  a  curve  based  upon 
Equation  III  F-l.  The  values  of  ,g  chosen  for  the  theoretical  curves 


are  indicated  in  their  respective  quadrants  in  Figure  27.  The  point  to  be 
noted  here  is  that  values  of  K^g  can  be  chosen  so  that  Equation  III  F-l 


gives  results  that  fit  the  experimental  data  reasonably  well. 


3.  Synthesis  Formulation  and  Results 

The  synthesis  formulation  of  the  particulate  composite  plate  is 


given  by 

W  *  ph  ■*  min 

(III  F-2) 

subject  to 

h  -  ht  >  0 

(III  F-3) 

(jfl)  min  (a,b)  -  h  >_  0 
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0  >_  0 
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(III 
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(III 
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where,  in  synthesis  terminology, 


W  is  the  objective  function  (weight  of  the  panel 

in  pounds  per  square  inch  of  panel  surface) 

p  is  the  material  density 

h  and  0  (panel  thickness  and  orientation  angle)  are  the 
design  variables 

h,  and  ttt  min  (a,b)  are  the  side  constraints  (lower  and  upper 

bound)  on  h 

0  and  ir/2  are  the  side  constraints  (lower  and  uppei  bounds) 
on  0. 

T(z,t),  w(z,y,T,e)  and  IEC(x,y,z,T,0)  (interaction  equation 

constraint,  i.e, ,  combined  stress  failure  criterion) 
are  the  significant  behavior  variables  that  depend 
on  the  design  variables  through  the  displacement 
and  stress  analyses. 

Equations  III  F-5,  6,  and  7  are  the  i^havior  constraints  and  T  ,  h  and 

insx 

1.0  are  the  upper  bounds  on  the  tenperature,  lateral  displacement,  and  the 
confined  stress-state  interaction  expression,  respectively. 

It  is  interesting  to  note  that  tenperature  (T)  plays  the  role  of  a 
load  condition  in  addition  to  that  of  a  behavior  Variable :  it  is  a  load 
condition,  since  both  the  latevil  displacement  and  the  combined  stress  state, 
through  the  interaction  equation,  are  functions  of  its  gradient;  and  it  is 
a  behavior  variable,  since  it  is  dependent  on  the  design  variable  h. 
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It  is  further  noted  from  Equation  III  F-5  that  T  is  a  function  of  z 
and  t  only.  It  is  independent  of  0  and,  therefore,  a  simplification  can  be 

obtained  by  including  the  tenperature  limitation  through  the  lower  bound  on 
the  plate  thickness  h  .  This  condition  is  particularly  helpful  when  one  is 
to  optimize  various  panel  aspect  ratios  using  the  same  material.  The 
temperature  limitation  can  be  treated  indirectly  by  selecting  h,  the  lower 
bound  on  the  design  variable  h,  such  that 


where 


Tmax^»^ 


‘max, allowable 


(III  F-8) 


0  <  t  <  tf 

and  tf  is  the  real  time  period  of  interest.  This  alternate  means  of  handling 
the  temperature  limitation  was  incorporated  into  the  computer  program  as  an 
option. 


The  minimization  of  W  is  accomplished  by  a  sequential  procedure  which 
is  a  combination  of  steepest  descent  for  a  free  point  and  optimum  feasible 
directions  for  a  constrained  point.  The  feasible  directions  algorithm 
employed  in  this  synthesis  study  was  essentially  available  as  a  preprogrammed 
procedure  as  a  result  of  an  effort  first  reported  in  Section  IX  B5  of  the  First 
Annual  Report (1)  and  described  further  in  Section  IX  D  of  this  report. 

The  operational  structural  synthesis  program  has  been  used  to  obtain 
minimum  weight  optinum  designs  for  a  variety  of  example  cases.  In  particular, 
the  capability  has  been  used  to  seek  minimum  weight  optimum  designs  for  a 
36"  x  24"  panel  employing  each  of  nine  candidate  materials  in  the  JT  particulate 
composite  family.  The  thermal  and  mechanical  load  conditions  are  summarized 
in  Table  XIII.  The  results  for  each  of  eight  distinct  structural  synthesis 
urns  are  given  in  Table  XIV.  The  best  optimum  design  was  obtained  using 
the  JT  50-5%  material.  Table  XIV  shows  that  the  optimum  design  for  the 
JT  50-5%  material  is  such  that  two  constraints  are  active,  namely,  the 
temperature  limit  and  the  combined  stress  limit.  It  has  not  been  possible 
to  find  an  acceptable  design  using  the  JT  70-15%  material.  The  design  space 
for  the  optimum  36"  x  24"  panel  using  JT  50-51  material  is  shown  in  Figure 
28,  The  acceptable  region  in  this  design  space  is  disjoint  and  contains 
relative  minima  at  0  *  90°  and  0°. 

4.  Materials  Evaluation  Rinction 


The  materials  evaluation  function  concept  applied  to  the  results  of 
the  (36"  x  24")  panel  turned  out  to  be  simple  curve  fitting.  This  curve 
fitting  is  shown  in  Figure  29  and  provides  all  the  information  that  could 
have  been  obtained  from  a  more  sophisticated  choice  of  opt imum- designs - 
surface  function. 
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TABLE  XIII 


TABLE  XIV  OPTIMIZED  JT- MATERIAL  PARTICULATE  CEMPOSITES 
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Figu: 


>'  . 


Figure  29.  Optimuih  Weight  Versus  Percent  Additive  for 
Various  Porosity  Ratios,  36  x  24  Panel. 


In  Figure  29  four  curves  are  shown  as  labeled.  The  zero-porosity 
curve  was  obtained  by  linear  extrapolation  of  optimum  weight  versus  percent 
porosity  at  301,  SOI,  and  701  additive.  Parabolas  were  fitted  through 
the  points  representing  optimum  designs  for  10%,  5%,  and  zero  porosity  and 
the  minimum  points  of  these  parabolas  were  connected  with  a  curve  labeled 
"Curve  of  Optinum  Designs"  in  Figure  29. 

From  Figure  29  the  following  best  optimum  designs  corresponding 
to  fixed  porosities  can  be  estimated: 


Porosity 

Metallic  Additive 

Optimum  Weight 

0% 

50% 

0.157  lb/ An. 2 

5% 

48% 

0.175  lb/in.2 

10% 

44% 

0.192  lb/ in. 2 

15% 

38% 

0,203  lb/in.2 

An  equation  of  the  optinum  designs  path  shown  in  Figure  29  was 
derived  by  fitting  a  parabola  through  the  best  optinum  design  points  at 
porosities  of  10%,  5%,  and  zero.  The  location  of  the  curve  is  not  known 
accurately  below  40%  metallic  additive  because  of  the  limited  data 
available  (i.e.,  optinum  designs  for  only  eight  candidate  materials). 

On  the  basis  of  the  materials  evaluation  function  results,  a 
material  with  50%  metallic  additive  at  0%  porosity  should  yield  the 
optimum  design  for  the  (36"  x  24")  panel  for  the  load  conditions  in 
Table  XIII. 

5.  Conclusions 


From  the  results  of  the  flat  panel  studies,  the  following 
conclusions  can  be  drawn: 

(1)  Structural  synthesis  concepts  can  be  applied  successfully 
to  particulate  conposites  which  are  subjected  to  complex 
thermal  and  mechanical  loads  and  which  have  tenperature 
dependent  properties. 

(2)  Materials  evaluation  functions  can  be  constructed  from 
synthesis  results. 

(3)  Recommendations  on  material  composition  which  will  result  in 
inproved  designs  can  be  made  from  the  information  provided  by 
the  materials  evaluation  function.  This  fact,  in  a  way,  closes 
the  loop  between  structural  design  and  materials  development. 

(4)  A  combined-stress  strength-criterion  can  be  constructed  utiliz¬ 
ing  the  distortion  energy  hypothesis  by  allowing  the  coefficients, 
which  arise  naturally  in  the  formulation  to  be  determined  experi¬ 
mentally. 


-66- 


G.  Stress  Analysis  of  a  Rocket  Nozzle  Throat  Insert  of  Grade  JTA  Graphite 

Composite  Material 

1.  Linear  Analysis 

(F.M.  Anthony  and  A.L.  Mistretta,  Bell  Aerosystems) 

Analyses  wer<"  presented  in  Section  V  H  of  the  first  Annual  Report  (Reference 
1)  for  the  representative  JTA  rocket  nozzle  throat  insert  in  order  to  define  the  rela¬ 
tionships  among  operational  conditions,  geometric  variables,  external  restraint,  and 
thermal  stresses  and  assumed  linear  stress-strain  relationships.  More  recent  data 
obtained  from  Union  Carbide  indicated  significant  differences  in  mechanical  properties 
as  compared  to  the  previous  data.  Selected  analyses  described  in  this  section  were 
re-run  to  ascertain  the  influence  of  the  more  accurate  material  properties. 

Before  comparing  the  analytical  results,  one  should  fir9t  examine  the  dif¬ 
ferences  in  mechanical  properties.  Table  XV  summarizes  the  original  and  revised 
property  data  at  several  specific  temperatures.  The  newer  elastic  moduli  values  are 
only  approximately  two-thirds  of  the  original  values,  whereas  the  expansion  coefficients 
are  from  0  to  25%  higher,  depending  upon  direction  and  temperature  level.  The  new 
a  E  products  in  the  with -grain  and  across-grain  directions  are  60  to  70%  and  70  to  90% 
of  the  original  values,  respectively.  Poisson's  ratio  data  are  significantly  different, 
partly  due  to  mis-interpretation  of  the  original  literature  data. 

The  resulting  stresses  at  the  throat  obtained  from  each  set  of  property 
data  are  presented  in  Table  XVI  for  two  chamber  pressures  and  two  nozzle  sizes. 

Despite  the  lower  a  E  product  in  the  across-grain  direction,  little  difference  is 
present  in  the  maximum  axial  compressive  stress.  The  circumferential  stresses  are 
reduced;  but,  for  the  maximum  compressive  stresses,  the  reductions  are  less  than 
would  be  expected  from  the  change  in  the  a  E/(l-v  )  term.  This  difference  is  due  to 
the  more  complex  interaction  of  the  elastic  constants  for  anisotropic  materials. 

2.  Non-linear  Analysis 

(Dr.  P.V.  Marcal,  Bell  Aerosystems) 

The  high  temperatures  associated  with  the  rocket  nozzle  throat  insert 
application,  coupled  with  the  non-linear  stress-strain  behavior  of  the  JTA  material, 
could  result  in  significant  plastic  yielding.  Non-linear  stress  analyses  were  conducted, 
therefore,  to  determine  the  effect  upon  induced  thermal  stresses  and  strains.  An 
available  tangent-modulus  method  of  elastic-plastic  analysis  based  on  finite  element 
techniques  was  employed  (Reference  15).  The  method  provided  linearized  the  material 
stress-strain  behavior  for  each  load  increment  by  treating  the  problem  in  a  pioce-by- 
piece  linear  manner.  Modifications  in  the  analysis  account  for  the  anisotropic  elastic  and 
plastic  behavior  of  the  JTA  material.  The  analyses  were  carried  out  utilizing  the  von 
Mises  yield  criterion  and  two  possible  generalizations  thereof  in  order  to  obtain 
comparative  results. 
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TABLE  XV 

COMPARISON  OF  MECHANICAL  PROPERTIES  OF  JTA  COMPOSITE 


(80°F  TO  3000°F)  0.22  TO  0.27  0.38  TO  0.47 

aw  (80°  F  TO  3000°  F)  0. 08  TO  0. 10  0. 15  TO  0. 21 

wa  (80° F  TO  3000° F)  0. 22  TO  0. 27  0. 06  TO  0. 10 

ww 


TABLE  XVI 

EFFECT  OF  MATERIAL  PROPERTIES  ON  THERMAL  STRESS 


XXX  REVISED  PROPERTIES 


a.  Theoretical  Considerations 

Anisotropy  is  usually  introduced  in  the  theory  of  platticity  by 
generalizing  the  von  Mises  yield  criterion.  In  cylindrical  coordinates,  specialized  to 
the  present  problem  of  rotational  symmetry,  the  von  Mises  yield  criterion  is 


*8  ,2  +  (tr« 


-ffl2  +  (tr  -  tr  )2  +  6  o’  2  =2  a  Z 

z  '  °  z  r  rz 


(IRG-1) 


where  <r  is  the  equivalent  yield  stress  and  the  yield  surface  is  defined  in  stress 
space  with  cr  ,  cr  ^  and  a  as  coordinates.  Despite  the  fact  that  anisotropic 

elastic  constants  are  used  to  determine  stress  distributions,  this  criterion  assumes 
that  the  yield  stress  is  equal  in  all  directions. 

A  generalization  of  this  equation  accounting  for  anisotropy  has  been 
suggested  in  Reference  16.  This  criterion  is  given  by 


F(  "r"  >2*°(<'g  -  */  +  H<  <r  v  /  *  21  v  ^ 

=  2  c;  2 


(IIIG-2) 


where  the  constants  F,  G.  H,  and  L  maybe  determined  from  simple  uniaxial  and 
torsion  tests.  This  second  criterion  was  originally  suggested  for  work-hardened  metals 
(Reference  16)  and  has  subsequently  also  been  applied  (Reference  17)  for  fibrous 
composites. 


Another  generalization  is  obtained  by  weighting  the  effect  of  the  stress 


according  to 


(  ’  r/R  -  " a  /B  ,2  +  <  /#  -  »  i! z)2  +  <  tr  z/Z  ■  s  r/a)2 


+  6  <  ra/az**  *  2  *  2 


(RIG-3) 
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where  R,  Q  ,  Z,  and  RZ  are  the  yield  stresses  in  the  appropriate  Erections.  This 
equation  has  been  used  as  an  interaction  curve  for  fiberglass  composites  (Reference  18). 

b.  Stress -Strain  Relations 

Once  the  yield  criterion  is  defined,  the  normal  flow  rule  of  plasticity 
defines  th  i  plastic  components  of  strain: 


{%} 


p  l  d  cr 


(inG-4) 


where 


|de^  ,}  -  vector  of  plastic  strain  increments 

1  -  gradient  of  the  yield  surface 

dcr  J 


-  equivalent  plastic  strain  increment. 


The  Prandtl-Reuss  equations  then  give 

{de}  =  {dej  ♦  {%} 

”  [S]_1  {dCr}  *{fc}Sr 

where 

^  s]  =  inverse  of  the  elastic  stiffness  matrix 

M  =  vector  of  stress  incrsments 
(del  =  vector  of  total  strain  increments 


(IIIG-fi) 


£  s]  =  inverse  of  the  elastic  stiffness  matrix 

M  =  vector  of  stress  incrsments 
{de}  =  vector  of  total  strain  increments 
w  -  vector  of  elastic  component  of  the  strain  increment. 

The  formulation  of  the  linear  stress-strain  laws  in  the  increment  may  be  completed  if 
the  yield  criterion  is  written  in  the  form  of  an  implicit  differential 


[-H-]  M 


H'  de 


(HIG-6) 


where  H'  is  the  local  tangent  modulus  of  the  equivalent  stress/equivalent  strain  curve. 
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Equations  IIIG-5  and  -6  are  then  assembled  into  a  matrix  equation. 
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d  *  1  -H' 
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0 

d  <r  1 

L  1  J 

P 

L  J 

J 

(IIIG-7) 


Equation  IIIG-7  can  be  rewritten 

&-}  •  H  {-*-} 

P 

where  [p]  is  the  inverse  of  the  matrix  on  the  left  of  equation  IIIG-7.  Equation 
HIG-8  transforms  the  total  strain  increment  into  a  streas  increment  in  a  linear 
fashion. 


Equation  IIIG-8  is  used  to  form  the  stiffness  matrix  in  the  finite  element 
analysis;  thus  the  elastic -plastic  problem  is  approximated  by  a  series  of  piece-by¬ 
piece  linear  problems. 

c.  Analysis  of  the  Nozzle  Insert 

A  nozzle  insert  with  an  external  diameter  of  two  inches  and  a  maximum 
wall  thickness  of  one  inch  was  analyzed  to  determine  the  maximum  thermal  gradients 
for  a  chamber  pressure  of  100  psi.  The  most  severe  thermal  conditions  were  found 
to  occur  two  seconds  after  ignition.  The  analysis  was  conducted  with  the  assumption 
that  a  linear  increase  of  temperature  with  time  occurred  until  the  most  severe  thermal 
gradient  was  reached.  The  insert  was  represented  by  126  toroidal  rings  of  triangular 
cross-section,  resulting  in  93  nodal  points.  The  mesh  idealization  is  shown  in  Figure 
30.  The  insert  was  assumed  to  be  fully  restrained  along  the  exterior  and  side  surfacea 
The  computer  program  as  developed  does  not  allow  for  variation  of  yield  stress  with 
temperature.  A  stress -strain  curve  was  assumed  which  was  based  on  room  tempera¬ 
ture  data,  but  flattened  at  the  higher  stresses.  This  lower  tangent  modulus  was 
introduced  to  account  for  the  expected  increase  in  ductility  of  JTA  at  elevated  temper¬ 
ature.  Thfl  non-linear  stress-strain  curve  approximations  used  for  the  with-grain 
and  across-grain  directions  are  shown  in  Figure  31. 
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Fine  Grid  126  Elements 


Figure;  31.  Stress-Strain  Curves  Used  in  Nonlinear  Analysis 


d.  Results 


Figure  32  shows  the  temperature  distribution  and  equivalent  plastic  strain 
distribution  on  the  inside  surface  two  seconds  after  ignition.  The  values  are  plotted 
against  distance  in  the  axial  direction.  The  stresses  induced  at  the  minimum  throat 
section  are  shown  in  Table  XVII.  An  examination  of  the  resultB  shows  that  the  yield 
criterion  of  equation  IIIG-2  effectively  suppresses  the  plastic  strains.  Because  the 
thermal  strains  are  more  or  less  fixed,  a  high  elastic  component  of  streBB  is  induced. 

It  is  of  Interest  to  examine  the  shape  of  the  three  yield  criteria  applied  to 
conditions  at  the  inside  insert  surface.  Here  the  shear  and  radial  BtreBses  disappear  so 
that  the  circumferential  and  axial  stresses  can  be  plotted  againBt  each  other  to  obtain 
the  loci  of  yield  shown  in  Figure  33.  The  ellipse  for  equation  IIIG-2  is  for  a  ratio  of 
yield  in  the  two  directions  of  1  to  0.51.  A  ratio  of  1  to  0.5  results  in  an  Infinitely 
elongated  elipse.  For  a  given  overall  strain  through  use  of  the  data  in  Figure  33,  it  can 
be  seen  that  the  yield  criterion  of  equation  IIIG-2  tends  to  BuppreBs  plastic  yielding,  and 
the  yield  criterion  of  equation  IIIG-3  leads  to  larger  plastic  strains  aB  compared  with 
the  isotropic  yield  criterion.  The  validity  of  the  various  yield  criteria  for  aniBotropic 
non-linear  materials  must  ultimately  be  established  by  experiment. 

The  non-linear  analysis  together  with  reasonable  assumptions  results  in 
lower  thermal  stresses  than  those  predicted  by  linear  material  response  assumptions. 
The  large  differences  in  thermal  stresses  between  the  linear  and  non-linear  analysis 
results  illustrate  clearly  the  importance  of  accounting  for  non-linear  stress -Btrain 
behavior. 


TABLE  XVII 


11E8ULTS  OF  NONLINEAR  STRESS  ANALYSIS  OF  THROAT  INSERT 
(CHAMBER  PRESSURE  100  psl) 


Stress  or  Strain 

Yield  Criterion 

Parameter 

(Isotropic) 

JDqjatltsr, 

Ki  i 

Equation 

IIIG-3 

Elastic 

Analysis 

Circumferential 
stress  (psl) 

-35,000 

-100,000 

-25,000 

-130,000 

Axial  stress  (psl) 

-25,000 

-45,000 

-7,000 

-52,000 

Equivalent  stress 
(psi) 

-36,000 

-15,000 

-32,000 

-133,000 

Equivalent  plastic 
strain  (percent) 

0.30 

0.02 

1.15 

- 
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LEGEND 

F  =  Stress 

ag  =  Across-Grain 

wg=  With-Grain 

cy  =  Compression  Yield 


Figure  33.  Biaxial  Compressive  Yield  Criteria  Used  For  Nonlinear 

Analyses  of  Throat  Insert 
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Stress 


3.  Thermal  Properties 

(M.S.  Janis  and  J.  Palumbo,  Bell  Aerosystems) 

Design  studies  of  the  nozzle  throat  insert  described  in  Section  DC  D  of  the 
first  Annual  Report  (Reference  1)  concluded  with  predictions  of  transient  temperatures 
in  JTA  assumed  isotropic  with  across -grain  properties.  These  temperatures  at  various 
depths  from  the  heated  surface  of  the  isotropic  insert  are  compared  in  Figure  34  with 
comparative  results  for  the  transversely  isotropic  insert.  It  is  evident  that  the  inner 
surface  temperatures  are  appreciably  reduced  as  a  result  of  material  thermal  aniso¬ 
tropy.  Figure  34  supplements  data  shown  in  Figure  141  of  the  first  Annual  Report 
which  treated  JTA  as  isotropic  with  with-grain  properties. 

Of  more  significance  than  temperatures  is  the  anisotropy  influence  on  the 
thermal  gradient,  shown  in  Figure  35,  since  this  determines  the  local  stress.  It  is  seen 
that  the  maximum  local  gradient  (occurring  2  seconds  after  ignition  at  the  hot  gas  surface) 
would  be  even  more  pronounced  for  a  material  having  a  lesser  degree  of  anisotropy, 
thus  suggesting  a  means  of  specifying  materials  properties  based  on  functional  design 
requirements.  Previous  thermal  stress  studies,  Section  V  H  of  the  first  Annual  Report 
(Reference  1),  also  indicated  that  material  anisotropy  could  be  used  to  advantage  in 
rocket  throat  insert  applications. 
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Figure  35.  Thermal  Gradient  at  Throat  Station  2  Seconds  after  Ignition 
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SECTION  IV 


MATERIALS  RESEARCH  ON  GRAPHITE -FIBER  , 
METAL -MATRIX  COMPOSITES 


High  modulus  graphite  fibers  are  an  ideal  reinforcing  agent  for 
metals  both  because  the  graphite  fiber  modulus  and  strength  are  essentially 
independent  of  temperature  up  to,  at  least,  2000°C  and  because  the  fibers 
have  a  much  lower  density  than  metals.  Goals  of  the  metal-matrix  work 
are  to  develop  composites  with  high  modulus-to-density  ratios,  strength- 
to-density  ratios,  and  superior  high  temperature  properties. 

The  major  effort  of  the  research  on  graphite -fiber,  metal-matrix 
composites  has  been  with  nickel  and  aluminum  matrices.  The  nickel- 
matrix  studies  are  reported  in  Section  IV  A.  High  modulus  graphite  fibers 
are  electroclad  with  nickel,  and  the  coated  fibers  are  hot  pressed  to  form 
the  composite.  The  original  batch  plating  process  has  been  replaced  by 
a  continuous  plating  operation.  Fabrication  studies  investigated  the 
effects  on  composite  properties  of  three  coating  baths  and  various  forming 
pressures  and  temperatures.  Tensile  properties  of  unidirectional  com¬ 
posites  have  been  measured  from  room  temperature  to  1050°C.  The 
aluminum  matrix  work,  reported  in  Section  IV  B,  has  attempted  to  reduce 
fiber  damage  during  aluminum  infiltration  by  utilizing  precoated  fibers. 

A.  Nickel  Matrix  Studies 

(R.  V.  Sara,  Union  Carbide) 

1.  Fiber  Properties 

Three  types  of  graphite  fibers  have  been  used  for  the  preparation 
of  composites  containing  nickel.  As  shown  in  Table  XVIII,  the  fiber  lots 
differed  significantly  in  their  properties  at  each  stage  of  exploration;  the 
most  advanced  fiber  material  available  in  sufficient  quantities  was  used. 

TABLE  XVIII 

PROPERTIES  OF  GRAPHITE  FIBERS 
USED  IN  NICKEL -MATRIX  COMPOSITES 


Modulus 

E 

(lb/in.2) 

Strength 
ult  0 
(lb/in. 2 ) 

Density 

(g/cmJ ) 

Cross-Sectional 

Area-A 

(u!) 

3^.5  x  10s 

200,000 

1.60 

38.2 

H9.2  x  10* 

260,000 

1.63 

33.8 

60.8  x  10* 

270,000 

1.70 

30.8 

62.1  x  10* 

3*15,000 

1.71 

30.1 
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The  first  generation  of  composites  discussed  below  included  fibers  having 

studied  (Tff tfZ  °/  elaStiCity  ^  tenSile  Stre^th-  For  the  fabrication  g 
analvsis  thl  Vn  f  i°T™lnZf.Te8BUTe  on  properties)  and  thermal  degradation 
and,61°  milllon  modulus  fibers  were  available.  The  yarn 
with  50  million  modulus  was  used  for  tensile  and  300  hour  stability  tests 

in  60  “  “»»  -reused8 

,  T,  GraPhit.e  yarn  has  a  two-ply  construction  with  720  filaments  per 

fn  F^nr!  5°  £ie?.r re  feparated  before  electroplating;  but  as  shown 
re  36,  the  filaments  within  a  given  ply  had  a  twist  that  could  not 
e  removed  without  completely  destroying  the  integrity  of  the  yarn.  This 
feature  complicated  attempts  to  achieve  perfect  fiber  alignment  within 
tne  composite. 


N- 17489 

Figure  36.  Residual  Twist  in  Graphite  Yarn. 

5X  Magnification 

2.  Nickel  Electrocladding  Procedures 

T-ue  Pr°cedure/°r  preparing  composites  containing  aligned 
graphite  fibers  in  a  nickel  matrix  consists  of  electrocladding  nickel 
around  each  of  the  720  filaments  comprising  a  single  ply  of  yarn  and 

h^C°Kn8,0lld?tlngmUltl^egmentS  °f  the  metal-coated  yarn  into  a  solid 
shape  by  hot  forming.  The  coating  thickness  on  the  filaments  governs 
the  volume  content  of  matrix  in  the  final  composite. 
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X 


of  yarn  b^eUct  ".Sitic £0,^' "T "*  1111  *he  filama"'’  comprising  a  ply 

plating  bathsC  “fly  Thn  w^h'  S"1/aie'b1.0ric  acid  and  "Ickcl  sulfamate 
yarn  coufd  be  prjplred^n  2  E%  •’  ‘,hree  ^  °£  Coalad  ■*”*•»  ply 

™s::;rrs  :he  ot^T^L7trioa 

KSSiS^C'i;  brief!  the  Mlame?tS  °£  tha  *»»•  The 

plating  operation.  The  spool  (A)  rotate-Tn  two’ direct"8  °f  ‘he  contlnuous 
in  the  yarn  and  to  permit  too  directions  to  remove  twist 

(B)  heats  the  yarn  5o  SM*  C  ,„H  ‘  ?°Ugh  the  pIatin«  bath-  Tha  furnace 

pu“ng‘  Let^i8M“Lu:grIpMecni91 '■/ 

anode/ cafhode  rat  o  of  a^proaimate' wl S3\be“  ob!ained  w‘*b  a" 

30  amps/ft2  win,  HP^oximately  9.1  and  a  current  density  of 

continuously  wUhSO^lutae^ ' , t',°-p1'’  'rarn  ba»  »«"  coated 
1.  25  inches  per  minute  A  lareer  t  rate  °£  “PProximately 

ment  described  above  is  curr^fS-1  VeJ81on  of  the  continuous  plating  equip- 

of  plating  at  approximately  ten  timeTthc  presrn“ri“.an<i  8h°Uld  b'  C'pable 


A 


N-10926 

Figure  37  Schematic  Diagram  for  Continuous  Nickel 
Plating  of  Two-Ply  Graphite  Yarn. 

three  plating  baths  was  remarkably  differSrt  ^Cks*5  ^  fh?  fJ°m  the 
around  the  filaments  in  the  sulfate ha  h  resume 

The  sulfamate  solution  provided  yarn  wkh  vPrt  ll«  bulk*  yarn* 

The  Watt's  bath  provided  a  varn  th  Y  llttle  filament  separation, 

between  the  two  oXrst  bu^ensity  8°meWha‘  i"'a™adla‘a 


N-17490 

Figure  38.  A  Single  Ply  of  Nickel-Coated 
Graphite  Filaments,  Magnification  250X. 

Fibers  were  coated  with  nickel  to  approximately  52  v/o  from  the 
three  plating  baths  and  formed  into  composites  at  1050°C  and  2500  lb/in. 2 
pressure.  The  as-received  filaments  had  a  Young's  modulus  of 
34.  5  x  106  lb/ in. 2  and  a  tensile  strength  of  200,000  lb/ in.  2.  Data  for  the 
three  specimens  are  shown  in  Table  XIX, 

TABLE  XIX 

PROPERTIES  OF  COMPOSITES  PREPARED 
FROM  CONTINUOUSLY  PLATED  FIBERS 


Plating 

Bath 

Young's  Modulus 

E 

<106  lb/ in. -) 

Shear  Modulus 

G 

(106  lb/:n.2) 

Density 

P 

(g/cm3) 

Strength 

ultcr 

(lb/ in.2) 

Watts 

28.  7 

4.5 

5.  147 

65,900 

Sulfamate 

29.6 

4.2 

61,000 

Sulfate 

28.9 

4.3 

54,600 
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The  filaments  coated  with  nickel  from  the  Watt's  bath  provided 
the  highest  composite  strength,  and  according  to  stress-strain  behavior, 
less  yielding  at  high  stress  levels.  Comparable  amounts  of  uncoated 
fibers  or  structural  irregularities  were  observed  in  the  three  micro¬ 
structures.  Some  microporosity  (approximately  1  to  2  percent)  wan* 
found  in  composites  fabricated  both  from  batch  plated  and  from 
continuously  plated  yarn. 


The  results  shown  in  Table  XIX  indicate  a  slight  superiority 
of  the  Watt's  bath  over  other  plating  solutions.  Further  advantages  of 
the  Watt's  bath  include  more  uniform  cation  replenishment,  which  io 
highly  desirable  in  order  to  obtain  uniform  coatings,  and  a  more 
ductile  nickel  deposit,  Consequently,  the  more  recent  composite 
data  cited  in  this  report  (the  high  temperature  properties  and  a  portion 
of  the  pressure  forming  studies)  have  been  obtained  on  composites 
fabricated  from  continuously  plated  yarn  using  a  Watt's  bath;  the 
photomicrograph  in  Figure  39  is  representative  of  these  specimens. 

The  remaining  specimens  were  prepared  from  batch  plated  yarn,  plated 
from  nickel  sulfate-boric  acid  solutions,  unless  otherwise  specified  in 
the  discussion. 
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Figure  39.  A  Graphite -Fiber,  Nickel-Matrix  Composite 
Containing  46  Volume  Percent  Fibers,  10GX  Magnification, 


Jt 
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3.  Composite  Fabrication  Studies 

Bar  specimens  (1/8  x  1/ 16  x  1  inch)  for  test  purposes  were 
prepared  by  hot  pressing  the  nickel-coated  >  bers  in  vacuum  at  various 
forming  pressures,  temperatures,  and  fiber  loadings.  The  hot  pressing 
mold  was  shaped  from  graphite  and  employed  a  single  wedge  acting 
against  the  confined  fibers.  The  pressing  time  in  all  cases  was  one 
hour  at  the  peak  temperature, 

Metallographic  studies  of  longitudinal  composite  sections  showed 
some  potentially  serious  fiber  misalignment:  the  misalignment  may  reduce 
the  axial  strength  and  modulus  properties.  A  typical  example  of  this 
fiber  irregularity  is  shown  in  the  photomicrograph  in  Figure  40;  this 
condition  is  representative  of  most  composites  prepared  and  evaluated 
to  date.  The  microstructure  shows  that  certain  areas  of  the  composite 
contain  a  number  of  fibers  with  their  axes  at  approximately  30  degrees 
to  that  of  the  specimen  axis.  The  difficulty  in  achieving  highly  aligned 
fibers  in  the  nickel  matrix  is  basically  due  to  curvature  in  the  plated  yarn 
and  a  tendency  for  the  yarn  segments  to  shift  as  they  are  being  positioned 
in  the  mold  cavity.  No  practical  method  has  yet  been  developed  for 
anchoring  the  yarn  segments  in  position  as  they  are  charged  in  the  mold. 
Two  methods  have  been  attempted  for  achieving  better  alignment,  but 
both  approaches  required  an  initial  heat  treatment  before  final  compaction. 


N- 17492 

Figure  40,  Longitudinal  Section  of  viraphite- Fiber,  Nickel-Matrix 
Composite  Showing  Fiber  MJsorientaticn,  20X  Magnification 

The  first  approach  was  an  attempt  to  correct  the  curvature  and 
bulkiness  by  drawing  the  yarn  at  1000° C  through  a  graphite  orifice  with  a 
diameteJ  of  0.014  inch.  (An  orifice  diameter  of  0.011  would  have  con¬ 
solidated  the  yarn  to  near  theoretical  density. )  The  graphite  die  used  is 
shown  in  Figure  41.  The  extent  of  consolidation  is  evident  from  the  yarn 
appearance  on  either  side  of  the  orifice.  The  appearance  and  quantity  of 
yarn  required  for  the  preparation  of  one  test  specimen  is  shown  in 
f  igure  42,  As  evidenced  by  this  photograph,  perfectly  straight  yarn  was 
not  obtained,  but  there  is  a  considerable  improvement  over  the  as-plated 
yarn. 
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Figure  41.  Graphite  Die  for  Consolidating 
Nickel-Coated  Yarn,  1.4X  Magnification. 


N-11580 

Figure  42.  Nickel-Coated  Yarn  after  Drawing 
Through  Die,  2.5X  Magnification. 
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A.  Graphite  Mold  Components  N-17090 

B.  Ceramic  Insert 

C.  Ceramic  Plungers 

D.  Nickel-coated  Yarn 

E.  Stainless  Steel  Guide  Pins 

F.  Applied  Pressure 

Figure  43.  Mold  Configuration  for  Preforming  Wafers. 
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The  second  method  for  attaining  better  fiber  collimation  consisted 
of  forming  a  number  of  thin  wafers  with  a  mold,  as  shown  in  Figure  43, 
The  objective  of  this  mold  configuration  was  to  confine  the  yarn  in  a  cavity 
having  a  width  (0.025" '  only  slightly  greater  than  the  diameter  of  a  single 
ply,  thereby  imposing  a  high  probability  of  alignment.  Two  wafers  were 
formed  simultaneously  at  1000° C  under  an  applied  pressure  of  3 00 lb/ in.  . 
Approximately  70  percent  of  theoretical  density  was  achieved.  The  final 
composite  was  prepared  by  stacking  four  such  wafers  in  a  larger  mold 
and  hot  pressing  normal  to  the  smallest  wafer  dimensions.’  The  micro¬ 
structure  for  a  composite  prepared  in  this  manner  (Figure  44)  showed 
very  good  axial  alignment  of  the  fibers.  The  tensile  fracture  in  Figure  44 
shows  little,  if  any,  fiber  pull-out  and  is  more  regular  than  normally 
encountered  with  misaligned  fibers. 


N- 17493 

Figure  44.  Longitudinal  Section  of  Graphite-Fiber,  Nickel-Matrix 
Composite  Showing  Fracture  Edge  and  Fiber  Orientation 

20X  Magnification, 

Properties  representative  of  a  conventionally  fabricated  com¬ 
posite  (with  fiber  misalignment),  a  composite  prepared  from  higher 
bulk  density  yarn  (previously  drawn  through  a  graphite  orifice  at  an 
elevated  temperature),  and  a  composite  made  from  preformed  wafers 
are  shown  in  Table  XX.  The  theoretical  modulus  and  strength  (based  on 
the  rule  of  mixtures)  are  40  x  106  lb/ in.  2  and  130,000  lb/ in.2,  respectively. 
The  composite  prepared  from  preformed  wafers  has  a  tensile  strength 
virtually  equivalent  to  that  of  conventionally  prepared  specimens  con¬ 
taining  a  relatively  high  degree  of  fiber  misalignment.  These  results 
suggest  that  additional  weakening  mechanisms  prevail  in  the  system, 

A  number  of  these  detrimental  factors  have  been  identified  and  are 
discussed  in  Section  IV  A  4  in  conjunction  with  additional  fabricational 
studies.  The  composite  prepared  from  wafers  has  a  higher  modulus  of 
elasticity  than  that  of  either  of  the  other  specimens  represented  in 
Table  XX.  The  modulus  for  the  conventionally  prepared  specimen  is 
typical  of  values  derived  for  approximately  thirty  other  specimens  fabri¬ 
cated  in  the  same  manner.  The  specimen  prepared  from  high  bulk 
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density  fibers  failed  to  density;  ply-overlapping  with  this  type  yarn 
evidently  requires  greater  forming  pressures. 


TABLE  XX 

PROPERTIES  OF  CONVENTIONAL  COMPOSITES  AND  OF 
COMPOSITES  Wl'iri  IMPROVED  FIBER  ALIGNMENT 


Specimen 

Young's  Modulus 
E 

(10*lb/in.2) 

Shear  Modulus 

G 

(10*  lb/in.2) 

Strength 
ult  <r 
(lb/in.  2) 

Density 

.  P  , 
(g/cm3) 

Conventional 

31. 2 

4.49 

79, 500 

5.  027 

High  Bulk 
Density  Yarn 

29.9 

3.99 

73,  700 

4.802 

Preformed 

W  af e  r  s 

34.  5 

4.  39 

81,  150 

5.  118 

All  data  presented  in  subsequent  sections  pertain  to  composites 
fabricated  by  conventional  hot  pressing,  i.  e.  ,  without  using  the  listed 
precautions  to  achieve  the  highest  degree  of  fiber  alignment.  The  efforts 
discussed  in  the  following  sections  were  attempts  to  define  problem  areas 
other  than  fiber  collimation  that  are  detracting  from  the  anticipated 
strength  values.  The  process  of  hot  pressing  rather  delicate  metal- 
coated  filaments  is  relatively  involved,  and  each  of  the  conventional 
variables  of  pressure,  temperature,  time,  and  environment,  individually 
and  collectively,  have  some  effect  on  the  properties  of  this  system.  It 
became  obvious  after  initial  probing  studies  that  all  of  these  parameters 
had  to  be  considered  in  detail  if  their  effects  are  to  be  understood. 

4.  Influence  of  Fabrication  Parameters  on  Room-Temperature 

Composite  Properties  C 

a.  Preliminary  Studies 

A  series  of  specimens  was  prepared  with  an  intended  fiber  loading 
of  approximately  56  v/ o  for  the  purpose  of  determining  the  effect  of  forming 
pressure  and  temperature  on  composite  properties.  Yarn  with  a  34.  5  mil¬ 
lion  lb/ in.  2  modulus  was  used  for  these  studies  (for  fiber  properties  see 
Table  XVLI).  The  properties  of  these  specimens  are  shown  in  Tables  XXI 
and  XXII.  Metallographic  examination  showed'  that  essentially  theoretical 
density  was  achieved  at  pressures  equal  to  or  greater  than  4500  lb/in.  2 
and  temperatures  of  900°  C  or  higher.  The  conditions  of  900°  C  and 
4500  lb/in.  2  for  achieving  maximum  density,  therefore,  were  used  in 
forming  the  composites  shown  in  Ta?:>le  XXIII.  Microstructural  studies 
on  all  the  specimens  gave  no  evidence  of  fiber  degradation  due  to  dissolution 
of  carbon  in  nickel  or  of  graphite  precipitation  in  the  matrix. 
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TABLE  XXI 

GRAPHITE-FIBER,  NICKEL-MATRIX 
COMPOSITES  FORMED  AT  900°C 


F  orming 
Pressure 
(lb /In.2) 

2250 

4500 

6750 


Young's  Modulus 
F 

( lohb/ln.  2) 

26.  3 
28.6 
28.8 


Shear  Modulus  Strength 

.  G  ult  <7 

(10*lb/ln.  2)  (lb /in. 2) 


3.  20 

4.  01 
4.  07 


4?, 700 
48, 800 
47,  300 


Density 

P 


4.  15 
4.84 
4.  81 


Fiber 

Volume 


<g/cm3)  Percent 


48.  0 
55.  5 
55.  5 


F  orm. 
Temp. 
_TC) 


1000 

1100 


TABLE  XXII 

GRAPHITE-FIBER,  NICKEL-MATRIX  COMPOSITES 
FORMED  AT  *1500  lb/in.2 


Young's  Modulus 
E 

(106  lb /in.2) 

27.9 

28.6 

29.6 

29.2 


Shear  Modulus  Strength 
G  ult  <r 

(106  lb/in.2)  (lb/ln.2) 


3.  75 

4.  01 
3.  95 
3.  80 


58,  000 
48,  800 
57,  200 
46,  600 


Density 

P 


4.  54 
4.  84 
4.  75 
4.78 


Fiber 

Volume 


(g/cm3)  Percent 


52.  7 

55.  5 

56.  8 
56.4 


TABLE  XXIII 

GRAPHITE-FIBER,  NICKEL-MATRIX  COMPOSITES 
FORMED  AT  4500  lb/in.2  AND  900°C 


Young's  Modulus 
E 

(106  lb /in.2) 

25.  7 
28.6 
28.  2. 

29.  1 


Shear  Modulus 
G 

(10*  lb /in.  2) 

1.  62 
4.  01 
4.  86 
7.  71 


St r ength 

ult  O’ 
(lb/ln.2) 

18, 600 
48,  800 
45,  400 
50, 000 


Density 

(g/cm3) 

3.  31 

4.84 
5.  33 

6.84 


Fiber 

Volume 

Percent 

76.6 
55.  5 
49.  1 
28.  3 
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The  values  of  the  tensile  strength  for  these  composites  failed  to 
show  any  significant  response  to  the  various  parameters  considered  in 
this  investigation,  and  the  values  achieved  represent  a  negligible  improve¬ 
ment  over  the  matrix  metal.  The  poor  strength  for  the  76.  6  v/o  fiber 
composite  (Table  XXIII)  is  due  largely  tr  the  excessive  porosity  and 
laminations  prevalent  in  the  structure.  The  absence  of  any  appreciable 
reinforcement  in  these  composites  is  due,  in  part,  to  similarity  of  the 
fiber  modulus  (34.  5  x  106  lb/in.2)  to  that  of  the  matrix  (31  x  106  lb/in.2) 
and,  in  part,  to  the  high  forming  pressure  of  4500  lb/ in.  2.  Subsequent 
work  has  shown  that  fiber  damage  is  excessive  at  pressures  of 
4500  lb/ in,2  and  contributes  to  weakening  the  structure.  The  modulus 
of  elasticity  also  does  not  under  go  significant  change  with  processing 
variations.  The  maximum  value  of  29.6  x  106  lb/in.2  is  approximately 
ten  percent  lower  than  the  modulus  obtained  by  the  rule  of  mixtures. 

Part  of  this  discrepancy  may  be  due  to  fiber  misalignment. 

b.  Forming  Pressure  Studies 

The  effect  of  forming  pressure  on  composite  properties  has 
been  studied  in  greater  detail  by  employing  smaller  pressure  increments 
than  those  shown  in  Table  XXI.  The  principal  objective  of  this  work  was 
to  determine  the  densliicatiun  behavior  and  lb*  minimum  pre*eure 
required  for  maximum  densification  of  the  composites. 

Composites  containing  49,  57,  and  62  v/o  fibers  were  fabricated 
by  hot  pressing  the  nickel-coated  fibers  at  1050°C  for  one  hour;  49  v/o 
fiber  composites  were  also  formed  at  900°  C  for  one  hour.  The  quoted 
fiber  contents  are  average  values  with  a  deviation  of  approximately  ±Z  per¬ 
cent.  Pressing  for  one  hour  at  1050° C  gave  maximum  densification 
(theoretical  density)  at  approximately  2500  lb/ in.  2  for  the  57  v/o  fiber 
composite  (see  Figure  45).  At  fiber  loadings  of  62  v/o,  however,  only 
96.  5  percent  of  the  theoretical  density  could  be  obtained,  although  a 
forming  pressure  as  high  as  4500  lb/ in.  2  was  employed.  Metallographic 
studies  revealed  that  porosity  in  the  62  v/o  composites  was  caused  by 
laminations  resulting  from  metal  deficiency  around  many  of  the  fibers 
(see  Figure  46).  Pressing  at  900°C  required  higher  pressures  in  order 
to  achieve  fully  densified  composites.  The  curve  for  the  49  v/o  fiber 
composite  in  Figure  45  suggests  that  the  minimum  pressure  necessary 
to  achieve  maximum  density  at  900°  C  is  3300  lb/ in.  2. 

c.  Tensile  Strength  Results 


The  tensile  strength  of  the  composite  specimens  is  a  function  of 
forming  pressure,  forming  temperature,  and  fiber  loading  (see  Figure  47). 
For  example,  the  tensile  strength  of  a  57  v/o  composite  formed  at  1050° C 
shows  a  maximum  of  78, 000  lb/in. 2  at  a  forming  pressure  of  2,  5001b/in.  2, 
whereas  pressing  at  4500  lb/  in.  2  results  in  a  strength  of  only  50, 000  lb/ in.  2. 
For  this  particular  composite,  a  pressure  of  2500  lb/in.  2  is  also  the 
minimum  pressure  required  to  achieve  full  densification.  This  relation¬ 
ship  may,  however,  be  only  coincidental,  because  the  strength  of  the 
49  v/o  composite  pressed  at  900®  C  is  likewise  highest  at  a  forming  pressure 
of  2500  lb/ in. 2,  whereas  full  densification  requires  a  pressure  of 
3300  1b/ in.2. 
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Densification  of  Graphite-Fiber,  Nickel-Matrix 
Composites  at  900°  and  1050*0. 
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N- 10582 
Nickel-Matrix 
250X  Magnification 


Figure  46.  Laminations  in  Graphite-Fiber 
Composite  Containing  62  Volume  Percent  Fibers . 


F orming  Pressure  (lb/in.  2) 


Figure  47. 


N-17757 

Effect  of  Forming  Pressure  on  Graphite-Fiber, 
Nickel-Matrix  Composite  Strength. 
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The  poroeity  of  the  49  v/o  composites  can  be  eliminated  by  raising  the 
forming  temperature  to  1050rC;  this  temperature  also  improves  the 
strength,  as  shown  for  three  specimens  in  Figure  47.  The  data  in 
Figure  47  also  indicate  that,  for  fiber  contents  above  49  v/o,  the 
maximum  obtainable  strength  decreases  with  increased  fiber  loadings. 
Limited  experimental  evidence  shows  that  the  curves  in  Figure  47  should 
not  be  extrapolated  toward  higher  forming  pressures;  rather,  a  strength 
plateau  appears  to  prevail  at  pressures  of  4500  lb/in.2  and  higher.  This 
strength  plateau  may  be  strongly  dependent  on  fiber  content.  Composites 
containing  57-62  v/o  fibers  formed  at  4500  Ib/in. 2  had  a  strength  of 
50,000  lb/in.2,  whereas  a  single  composite  containing  46  v/o  fibers 
formed  at  the  same  pressure  had  a  strength  of  approximately  75,  000 
lb /in.2. 


The  data  in  Figure  47  show  that  a  strength  maximum  occurs  at 
a  forming  pressure  of  2500  lb/in.  2  at  pressing  temperatures  of  either 
900  or  1050*C,  Cratchley  and  Baker':i°)  observed  a  similar  strength 
maximum  at  a  pertain  forming  pressure  in  their  studies  of  glass 
fiber -aluminulh  composites.  They  attributed  this  behavior  to  the 
opposing  effects  of  increased  bonding  between  adjacent  metal-coated 
fibers  Identification)  versus  increased  fiber  damage  (decreased  fiber 
strength)  as  the  pressing  pressure  increased.  Their  model  is  shown 
in  Figure  48.  This  same  reasoning  seems  applicable  to  the  carbon 
fiber,  nickel-matrix  composites,  since  the  data  show  that,  as  porosity 
diminishes  with  increasing  forming  pressures  up  to  2500  lb/in.2,  the 
strength  also  increases.  However,  forming  pressures  higher  than 
2500  lb/ in.  2  evidently  damage  the  fibers  more  extensively,  thereby 
weakening  the  structure. 


N- 10053 

Figure  48.  Model  Proposed  for  the  Effect  of  Pressure  on 
Strength  by  Cratchley  and  Baker, 
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Phvsical  Damage  of  Fibers 


Four  modes  of  fibei  damage  01  fiber  ii  regulai  ities  in  the  graphite 
fiber,  nickel-matiix  composites  have  been  proposed  that  can  be  attributed 
to  forming  pressure.  Three  of  these  damage  mechanisms  have  been 
confirmed  by  microscopic  studies;  the  fourth,  which  concerns  surface 
damage,  has  not  been  verified  experimentally.  The  following  evidence, 
although  qualitative,  is  of  fundamental  importance  in  guiding  subsequent 
endeavors  to  achieve  better  composite  properties. 

Fiber  Cleavage.  Fibers  which  fragmented  longitudinally  as  a 
result  of  high  pressure  have  been  observed  in  microstructures,  as 
evidenced  by  the  circled  regions  in  the  photomicrograph  of  Figure  49.  The 
cleaved  fibers  were  found  most  frequently  in  composites  with  high  volume 
fractions  of  fiber.  The  fragmentation  may  be  a  consequence  of  fiber- 
fiber  attrition  or  may  result  from  applying  pressure  to  the  notched  regions 
which  characterize  the  fiber  cross-section. 


N- 17494 

Figure  49.  Fiber  Damage  and  Fiber-Fiber  Contact  in 
Graphite -Fiber,  Nickel-Matrix  Composite,  1000X  Magnification 

Fiber  Chain-Like  Networks.  The  second  anomaly  observed  in 
high  fiber  volume  microstructures  consists  of  the  bridged  fiber  con¬ 
figurations  outlined  in  Figure  49.  The  fibers  appear  to  be  interconnected 


by  carbon  which  has  diffused  into  regions  between  the  fibers.  At  high 
temperatures,  the  system  will  tend  to  minimize  the  free  surface  energy 
by  reducing  the  high  fiber  surface  area  and  forming  larger  and  energeti¬ 
cally  more  favorable  cross  sections.  The  fiber  bridging  seen  in 
Figure  49  may  be  the  first  stage  of  this  process. 

Shortened  Fibers.  The  third  effect  concerns  fiber  breakage 
into  short  lengths  due  to  high  forming  pressures.  As  a  result,  the 
aspect  ratios  decrease  from  essentially  infinity  to  a  distribution  of 
smaller  values.  Although  this  matter  has  not  been  pursued  in  detail, 
an  investigate  rn  of  fibers  extracted  from  a  composite  which  had  been 
pressed  at  2500  lb/ in.  2  shows  that  the  upper  limit  in  the  aspect  ratio 
distribution  is  1000.  Due  to  a  tendency  for  the  lorger  fibers  to  inter¬ 
lock,  sampling  and  portraying  a  representative  fiber  length  distribution 
is  difficult.  Underneath  a  mat  of  longer  fibers  shown  in  Figure  50,  for 
examp  e,  is  a  large  concentration  of  shorter  fibers  (see  Figure  51), 
Furthermore,  as  a  result  of  the  extraction  operation,  the  filter  papertrapped 
a  large  quantity  of  fibers  with  smalle r  lengths  than  are  shown  in  Figure  51. 


N-  17495 

Figure  50,  Longest  Fibers  Extracted  from  Graphite-Fiber, 
Nickel-Matrix  Composite  after  Pressing  at  2500  ib/in.2. 
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N- 17496 

Figure  51,  Intermediate  Length  Fibers  Extracted  from  Graphite- 

Fiber,  Nickel-Matrix  Composite  after  Pressing  at  2500  lb/in.2. 

There  is  reason  to  believe  that,  in  this  case,  the  majority  of  fibers 
exceeded  the  critical  aspect  ratio,  but  this  condition  may  not  prevail 
in  composites  formed  a  pressures  greater  than  2500  lb/in.2.  Similar 
studies,  contemplated  for  composites  formed  at  pressures  greater 
than  2500  lb/in,  2,  should  reveal  whetner  the  decrease  in  strength  ut 
the  high-forming  pressures  is  a  consequence  of  abnormally  short 
fiber  lengths. 

Surface  Damage.  The  damage  to  fiber  surfaces  as  a  result  of 
compaction  pressure  has  not  been  ascertained.  If  the  pre ssure s  employed 
are  capable  of  cleaving  the  fibers,  they  may  also  be  great  enough  to 
introduce  surface  imperfections.  Efforts  are  now  being  made  to  extract 
fibers  from  fabricated  composites  for  physical  testing.  Mounting  and 
testing  the  shortened  fibers,  however,  is  extremely  difficult. 

e.  Young's  and  Shear  Modulus  Results 

The  variation  in  modulus  of  elasticity  with  forming  pressure  for  the 
compo site s  containing  49 $  5  7,  and  62  percent  fibers  is  shown  in  Figure  52, 

1  he  curves  show  the  expected  improvement  in  modulus  as  the  porosity 
decreases  with  forming  pressure.  The  57  and  62  v/o  fiber  composites 
contained  61  x  106  lb/ in.  2  modulus  fibers,  whereas  49  x  106  Ib/in.  2 
modulus  fibers  were  used  in  the  49  v/o  fiber  composites.  The 
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Forming  Pressure  (lb/in.  2) 

N- 17085 

Figure  52.  Young's  Modulus  for  Graphite-Fiber, 

Nickel -Matrix  Composites. 

composite  modulus  values  are  in  accord  with  the  fiber  properties,  but 
only  85  and  77  percent  bf  rule  of  mixtures  modulus  was  achieved  for  the 
49  and  57  percent  fiber  Specimens,  respectively.  Abnormally  low 
modulus  values  for  the  62  v/ o  composites  are  due  to  excessive  porosity. 
Failure  to  achieve  rule -of -mixtures  values  is  due,  in  part,  to  fiber 
misalignment  and,  in  part,  to  unknown  factors. 


The  effect  of  forming  pressure  or  densification  on  shear 
modulus  (measured  by  torsional  resonant  vibrations)  for  composites 
containing  49,  57,  and  62  v/o  fibers  is  shown  in  Figure  53.  A  reduction 
in  porosity  and  higher  metal  contents  increase  the  shear  modulus. 


Shear  Modulus  (10®  lb/ in.  2) 
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Figure  53.  Shear  Modulus  for  Graphite -Fiber, 
Nickel-Matrix  Composites. 

f.  Fiber  Loading  Studies 

Composites  containing  different  volume  fractions  of  fibers  were 
prepared  by  first  electroplating  nickel  c  n  the  filaments  to  the  appropriate 
thickness  and  then  hot  pressing  the  aligned  metal-coated  fibers  in  vacuum 
at  1050°C  for  one  hour  under  the  optimized  pressure  of  2500  lb/in.2. 

The  plating  was  done  on  a  batch  basis  with  a  nickel  sulfamate  or  nickel 
sulfate-boric  acid  plating  solution.  Mic rostructural  studies  and  bulk  density 
calculations  indicated  that  porosity  was  less  than  5  percent. 
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Tensile  Strength  ( 1 03  lb /in.  2) 


The  variation  in  tensile  strength  for  composites  with  fiber 
volume  fractions  between  29  and  62  percent  is  show  in  Figure  54.  A 
curve  showing  the  theoretical  composite  strength  as  a  funcvion  of  fiber 
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Figure  54.  Tensile  Strength  and  Young's  Modulus  for 
Graphite-Fiber,  Nickel-Matrix  Composites 
Versus  Fiber  Content. 
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Young's  Modulus  (106lb/in2) 


Shear  Modulus  (104lb/in.i) 


loading  was  constructed  by  using  properties  for  Nickel  "A"  which  had 
previously  been  annealed  at  the  1050eC  hot  pressing  temperature  and  a 
fiber  tensile  strength  of  270,000  lb/ in.  2.  According  to  Figure  ‘>4,  the 
maximum  composite  strength  of  82,000  lb/ in.  2  occurs  at  55  v/u  fibers 
and  represents  approximately  60  percent  of  the  rule-of-mixiureb  value. 
The  strength  drop-off  depicted  at  the  highest  fiber  loadings  can  be 
attributed  to  inferior  microstructures  (see  Figures  46  and  49). 


The  shear  modulus  (Figure  55)  for  the  composites  varies  non- 
linearly  with  fiber  content  and  decreases  from  12  x  106  lb/ in.  2  for  pure 
Nickleto  an  extrapolated  value  of  1  to  2  x  106  lb/ in.  2  for  the  fiber. 
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trranhifr  ru*  stres f '8train  relationships  of  annealed  nickel  and  of  a 
graphite  fiber,  nickel-matrix  composite  containing  55  v/o  fibers  are 

::"  lg;re5  -  The  stress-strain  behavior  for  the  composite  fn 
i  igiire  56  is  typical  of  other  fiber  loadings  for  this  svstem  A  n-rnm  *•  i 
limit  of  approximately  20,000  ib/in.»  Wa?  observed  m  lasts'  ”* 

at  fracture  increased  slightly  as  the  fiber  content  decreased.  The  stress- 

values  To”„7p0Figeurem54Uli  WWCh  ei'her  ma‘Ched  °r  eXCeeded  the 


IN  -  1  (VO£. 


Figure  56.  Stres s -Strain  Relationships  for  Graphite -Fiber, 
Nickel-Matrix  Composite  and  Annealed  Nickel. 
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§■  Thermal  Degradation  of  Fibers 

The  rather  significant  difference  between  experimental  and 
theoretical  strength  values  for  these  composites  indicates  that  the  semi- 
optimized  fabrication  pressure  used  in  consolidating  the  yarn  segments 
is  not  the  complete  solution  for  obtaining  high  strength  composites  It 
was  noted  previously  that  fiber  damage  is  an  important  consideration,  and 
pertinent  Regularities ;  were  identified  in  composites  fabricated  at  pressure 
higher  than  2500  lb/in.  ,  The  threshold  pressure  for  physical  fiber 

T ?<fngne ,ua/S  nf.yet  been  conclusively  established.  However,  a  pressure 
of  2500  lb/ in.  is  suspected  since  the  composite  strengths  in  Figure  47 
peak  at  this  forming  pressure  quite  independent  of  densification.  To 
supplement  investigations  of  physical  degradation,  the  strength  of  the 
fibers  measured  after  they  had  been  heated  in  a  nickel  environment. 

Ihe  slight  solid  solubility  of  carbon  in  nickel^i)  (of  the  order  of 
1.  5  atomic  percent  at  1050° C)  could  damage  and  weaken  the  fibers. 

Segments  of  nickel-coated  yarn  (50  and  60  x  10*  lb/ in.  2  modulus) 
were  heated  to  various  temperatures  between  500  and  1050°C  for  one 
hour  and  the  nickel  removed  by  solution  in  50  percent  HC1  before  the 
yarn  was  physically  tested.  The  tensile  strength  results  for  the  two 
nber  loti*  after  these  heat  treatments  are  shown  in  Figure  57  The 
data  show  that  the  fibers  are,  in  fact,  weakened  appreciably.  The 
phase  diagram  data  in  Figure  57  show  that  the  solid  solubility  of  carbon 
in  nickel  starts  at  approximately  700° C,  the  temperature  at  which  fiber 
fiber  weakening  becomes  noticeable.  Control  specimens  revealed  that 
acid  does  not  affect  the  fibers,  and  uncoated  fibers  do  not  suffer  strength 
loss  after  being  heated  to  1050° C.  On  the  basis  of  a  reduced  fiber 

S  >wf,th 200,000  lb/in-  .  the  experimental  composite  strength  agrees 
with  the  theoretical  strength  for  the  30  v/o  composite  in  Figure  54, 

but  is  only  75  percent  of  the  theoretical  strength  for  the  55  v/o  composite. 

..  According  to  the  data  given  in  Figure  58,  the  fiber  modulus  of 
elasticity  is  not  degraded  as  a  result  of  heat  treatment  in  a  nickel 
environment,  a  fact  which  suggests  that  the  strength  degradation  is  due 
to  surface  or  localized  conditions  rather  than  to  bulk  changes  in  the 
tiber.  The  experimental  modulus  of  elasticity  for  the  composites 
reported  in  Figure  54  reflects  a  marked  deviation  from  the  anticipated 
values.  The  effective  modulus  of  the  fibers  in  the  composite  is 
approximateiy  40  x  K^lb/in.2  as  opposed  to  a  m  asured  value  of 

?  10  Llb/l,n‘  for  the  as  -  received  yarn.  As  mentioned  previously, 
part  of  this  difference  is  due  to  misalignmrr.t  and  slight  porosity;  but 
the  major  factors  are  not  well  understood  at  this  time. 

Elevated  Temperature  Composite  Properties 


,  .  .  ^  f  vacuum ^  capsule,  specimen  grips,  and  extension  rods  assembly, 

.  .  1I?ed  the  Instron  Company,  were  used  for  tensile  testing  of  pure 

{I!**®1  aTt°f  graphlte  fiber>  nickel-matrix  composites  at  elevated  tempera- 
tures  The  equipment  was  modified  slightly  and  special  devices  were  de¬ 
signed  to  facilitate  better  specimen  alignment  and  loading  without  dang^ 
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Young's  Modulus  (10*  lb/ in.  z) 
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of  prematurely  breaking  the  samples.  A  series  of  eight  annealed 
Nickel  "A"  specimens  was  tested  in  tension  at  elevated  temperatures 
to  establish  confidence  in  the  test  equipment  before  composites  were 
tested.  The  results  of  these  measurements  generally  confirm  published 
values^i),  as  evidenced  by  the  information  presented  in  Figure  £9. 

The  fibers  used  in  the  preparation  of  graphite  fiber,  nickel  - 
matrix  composites  for  study  of  elevated  temperature  tensile  properties 
were  characterized  by  a  modulus  of  elasticity  and  tensile  strength  of 
49.2  x  106  lb/  in.  2  and  261,000  lb/ in.  2,  respectively.  The  continuous 
plating  operation  was  used  to  electroclad  the  yarn  with  nickel.  The 
specimens  were  formed  from  the  coated  yarn  segments  by  pressing  at 
1050° C  and  2500  lb/ in.  2  for  one  hour.  The  composites  contained 
approximately  50  v/o  fibers;  the  average  properties  for  25  specimens 
prepared  for  these  tests  were:  density,  5.217  g/cm3;  Young's 
modulus,  32.  3  x  106  lb/ in.  2;  and  shear  modulus ,  4.  62  x  106  lb/ in.  2. 

The  composites  were  studied  in  tension  at  selected  temperatures 
between  25  and  1050°C.  The  specimens  were  held  at  temperature  in 
vacuum  for  approximately  five  minutes  before  they  were  loaded  with 
a  cross-head  movement  of  0.02  in. /min.  Initially,  frequent  breakage 
in  the  g’  ips  or  slippage  out  of  the  grips  was  encountered.  This 
problem  was  eliminated  by  close  wrapping  of  the  specimen  ends  with 
0.  005-incn  diameter  tantalum  wire.  All  reported  results  were  obtained 
on  specimens  which  broke  in  the  gauge  area  with  the  exception  of  the 
tests  at  1050°C.  At  this  temperature,  all  three  specimens  could  not  be 
tested  to  fracture  due  to  slippage  from  the  gripping  plates  at  35, 000  lb/ in.2. 

The  results  of  elevated  temperature  tensile  strength  measure¬ 
ments  on  the  composites  are  shown  in  Figure  60.  Three  tests  each  were 
made  at  room  temperature,  700°,  900°,  and  1050°C,  whereas  two  and 
a  single  measurement  were  made  at  500  and  300° C,  respectively.  The 
composite  strength  decreased  from  79,200  lb/ in.  2  at  room  temperature 
to  29,000  lb/ in.  at  900°  C,  essentially  following  the  trend  for  annealed 
Nickel  "A"  but  displayed  toward  higher  strength  values  by  15,000  to 
25,000  lb/in.  2.  At  1050°  C,  the  tensile  strength  exceeded  35, 000  lb/ in.  2 
this  result  indicates  that  the  composite  strength  is  somewhat  greater 
at  this  higher  temperature  than  at  700° C.  The  strength  curve  appears  to 
have  a  minimum  at  approximately  800° C.  A  mismatch  of  fiber  and  matrix 
thermal  expansion  coefficients  could  induce  stresses  on  cooling  from  the 
fabrication  temperature  which  are  subsequently  relieved  at  the  higher  test 
temperatures.  Other  causes  might  be  re-solution  of  precipitated  graphite 
in  the  nickel  at  temperatures  above  850°C  and/or  improved  bondings 
between  fiber  and  matrix  metal;  evidently,  bondings  in  the  700°  to  900°C 
temperature  range  is  quite  poor,  as  suggested  by  fiber  pull-out  in  the 
fracture  areas.  Experiments  are  now  being  conducted  to  confirm  the 
validity  of  this  reasoning  and  to  determine  the  causes  of  the  apparent 
strength  minimum  at  800° C. 


Tensile  Strength  (10s  lb /in. *) 


******<o*****o****^* 


O  Nickel  (200)  Standard  Wrought 
*>Nlckel  (201)  Low  Carbon 
pThia  Study,  Annealed  Nickel  "A" 


Temperature  ( •  C) 

N-17220 

Figure  59.  Tensile  Strength  of  Nickel  Versus  Temperature 


OftAPHITP,  FIBER-NICKEL  COMPOSITE 


DUPONT  TO  NICKEL 


ANNEALED  NICPr.  "A" 


Temperature  (*C) 

_  N-17083 

Figure  60.  Tensile  Strength  of  Various  Temperatures  for 
Graphite-Fiber,  Nickel-Matrix  Composite, 

TD  Nickel  at  Annealed  Nickel  "A". 


Specific  Strength  (106  inches) 


Specific  strengths  as  a  function  of  temperature  for  the  nickel 
composite,  TD  Nickel,  pure  nickel,  and  "Hastelloy"  X  are  shown  in 
Figure  61.  Due  to  the  lower  density,  the  composite  specific  strength 
is  at  least  twice  that  of  nickel  or  TD  Nickel  at  all  temperatures  considered; 
the  composite  also  shows  superiority  over  "Hastelloy"  X  at  temperatures 
above  800°  C. 


Temperature  (°C) 

N-  16850 

Figure  61  Specific  Strength  Versus  Temperature  for  Graphite -Fiber, 
Nickel-Matrix  Composite  and  Several  Refractory  Metal  Systems. 

Specimens  similar  to  those  used  for  high  temperature  tensile 
testing  were  annealed  at  500,  700,  and  900°C  for  300  hours  in  vacuum 
and  then  evaluated  at  room  temperature.  Microstructures  of  the  composite 
showed  a  slight  increase  in  fiber  bridging  but  no  pronounced  deterioration 
in  the  fiber  morphology.  A  slight'  expansioti  was  detected  in  the  specimen 
dimension  that  was  parallel  to  th6  applied  fabrication  pressure.  Young's 
and  shear  moduli  were  slightly  lower  by  constant  amounts  after  the  fibers 
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were  annealed  at  the  three  temperatures.  The  average  Young's  modulus 
morhd  sp'cirnens  decreased  from  32.  7  to  31.  9  x  10*  lb/ in.  and  the  shear 

modulus  decreased  from  4.76  to  4.40  x  106  lb/in.2.  The  tensile  strength 

decreased  as  an  almost  linear  function  of  the  annealing  temperature  from 

hou°r raSera/tUre;alUe  J9.200  lb/in.2  to  68,800  lb/in.2  after  300 

hours  at  900  C  (see  Figure  62).  These  high  temperature  stability  tests 
revealed  only  slight  degradation  in  composite  properties,  and  the 
deterioration  might  be  rectified  by  choosing  composites  having  greater 
fiber-fiber  separation  and,  hence,  less  opportunity  for  fiber  bridging. 


Annealing  Temperature,  'C  (300  hrs.  ) 


Figure  62.  Room-Temperature  Tensile  Strength  of  Graphite -Fiber, 
Nickel-Matrix  Composite  After  300  Hours  at  Annealing  Temperature. 

B.  Aluminum  Matrix  Studies 

(R.  V.  Sara,  Union  Ca rbide ) 


Prior  attempts  at  incorporating  graphite  fibers  in  an  aluminum 
matrix  involved  the  concepts  of  pressure  infiltrating  molten  aluminum 
into  networks  of  uncoated  metal  fibers.  For  uncoated  fibers,  a  pressure 
as  high  as  1080  lb/ in.  was  still  inadequate  for  infiltrating  the  fiber 
f  Metal-coated  fibers,  on  the  other  hand,  were  readily 

infiltrated  with  aluminum.  However,  tantalum  was  the  only  suitable 
coupling  agent  found  which  would  not  rea  t  with  or  dissolve  in  the 
molten  aluminum.  Because  of  the  problem  in  obtaining  uniform  tantalum 
coatings,  this  approach  was  abandoned  for  the  present  time. 


^he  approach  considered  in  the  present  study  for  preparing  a 
graphite-fiber,  aluminum-matrix  composite  entailed  the  concept  of 
liquid  phase  sintering.  This  technique  has  been  used  successfully  by  other 
investigators  in  the  field.  '22>  23'  Alternate  layers  of  alloy  foil  and  fibers 
fre  a^ranged  in  an  array,  and  the  array  hot  pressed  at  a  temperature 
just  above  that  of  the  solidus.  Pure  aluminum  cannot  be  used  because  it 
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has  a  distinct  melting  temperature.  If  one  uses  2024  alloy  foils,  molten 

^*4500  lh/^n  a°i?*d  ar0AUf^m°ft  °f  the  fibers  under  an  aPPlied  pressure 
of  4500  lb/ in.  (Figure  63A).  At  one-half  this  pressure,  however,  very 

little  metal  migrated  into  the  yarn  (Figure  63B).  The  necessity  of  using 
high  pressures  is  unfortunate;  photomicrographs  reveal  that  the  fibers 
colV^de!‘able  damage  at  the  higher  pressure,  a  result  similar 
o  that  found  in  the  nickel  studies.  An  attempt  was  made  to  reduce  this 
damage  by  usrng  fibers  that  were  plated  with  silver.  Silver  was  used 
since  it  is  one  of  the  few  metals  which  alloys  extensively  with  aluminum. 
By  using  silver-coated  fibers  laminated  between  foils  of  2024  alloy 
consolidation  was  possible  at  2250  lb/ in.  2  (see  Figure  64).  The  composite 
strength  and  modulus  of  elasticity  values  shown  in  Table  XXIV  are 
improvements  over  the  annealed  matrix  metal  and  are  consistent  with 
the  rule -of -mixtures  values.  Various  modifications  on  this  general  theme 
were  tried.  For  example,  pure  aluminum  and  2024  alloy  foils  were 
silver  plated  and  used  individually  in  conjunction  with  uncoated  and 
silver -coated  fibers.  The  best  results,  however,  were  achieved  with 
the  initial  procedure  described  above.  The  fabrication  temperature 
proved  to  be  critical,  since  optimum  structures  were  achieved  only  when 
incipient  melting  occurred  at  the  silver -aluminum  interface.  Excessive 
liquid  formation  results  in  microstructures  similar  to  that  shown  in 
igure  63B.  This  method  of  liquid  phase  sintering  was  found  to  be  more 
reproducible  if  slow  heating  rates  were  used  prior  to  the  final  consoli¬ 
dating  temperature. 


TABLE  XXIV 

GRAPHITE -FIBER  ,  ALUMINUM -MATRIX  COMPOSITES  SINTERED 
WITH  UNCOATED  AND  SILVER-COATED  FIBERS 


Form. 

Press. 

(lb/in.2) 

Young's  Modulus 

E 

(1C6  lb/in.*) 

Strength 
ult  <r 
(lb/in.*) 

Density 

(g/cm5) 

Fiber 
Volume 
Pe rcent 

2024  Matrix  Metal 

“ 

10.4 

36,100 

2.76 

- 

2024+Uncoated  Fibers 

4500 

12.2 

27, 100 

2.46 

18 

2024+Ag-Coated  Fibers 

2250 

ll.O 

36,  700 

2.  76 

11 

2250 

13.0 

44, 100 

3.  16 

16 

2250 

14.3 

54,  700 

3.  34 

28 

N-10584 

Figure  63.  Infiltration  of  Aluminum  into  Graphite  Fibers 
at  (A)  ^500  lb/in.2  and  (B)  2250  lb/.’.n.2  300X  Magnification. 


Figure  64. 


N  10585 

Silver-Coated  Graphite  Fibers  between  Foils 
of  Aluminum.  200X  Magnification. 


.  L 
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SECTION  V 

MATERIALS  RESEARCH  ON  AND  FABRICATION  OF 
GRAPHITE-FIBER,  RESIN-MATRIX  COMPOSITES 


Composites  of  "Thornel"  graphite  yarn  and  a  resin  matrix  can  be 
fabricated  by  essentially  he  same  technology  that  is  used  for  glass  fiber 
reinforced  plastics.  Conventional  procedures  for  filament  winding,  pre¬ 
paring  prepreg  tape,  and  molding  laminated  composites  are  readily  adapted 
to  "Thornel"  yarn  composites.  Through  the  use  of  existing  technology,  the 
fabrication  of  plates  and  cylinders  was  started  as  soon  as  the  "Thornel" 
yarn  became  available.  Because  the  "Thornel"  yarn  can  be  formed  around 
curves  of  small  radius,  structural  elen  nts  such  as  rings,  stringers,  and 
stiffened  panels  are  also  easily  fabricated. 

Before  the  extensive  plate  fabrication  program  was  undertaken, 
four  epoxy  resin  systems  were  evaluated  as  matrix  materials  for  fiber  com¬ 
posites  (see  Section  V  A);  the  ERL  2256/MPDA  system  gave  slightly  better 
properties  and  wa  -  selected  for  future  work.  A  study  of  the  effects  of 
oxidizing  graphite  yarn  on  resin  wicking  rates  and  composite  shear  strengths 
is  reported  in  Section  V  B.  Physical  properties  of  "Thornel"  fibers  and  of 
the  ERL  2256/MPDA  resin  system  are  given  in  Section  V  E.  The  fabrication 
procedures  for  the  "Thornel"-fiber,  epoxy-resin  composites  are  described 
in  Section  V  D;  and  the  lay-up  pattern,  average  fiber  properties  and  content, 
and  optical  micrographs  of  the  plates  are  presented  in  Section  V  E. 

A-  Evaluation  of  Four  Epoxy  Resin  Systems  for  Graphite  Fiber  Com¬ 
posites  c  “ 

(X!  A.  Pallozzi,  Union  Carbide) 

An  evaluation  of  the  mechanical  performance  of  "Thornel"  graphite 
yarn  and  low  modulus  graphite  yarn  in  various  resin  matrices  was  per¬ 
formed  prior  to  the  selection  of  a  resin  system  for  the  fabrication  of  flat 
plates  and  stringers. 

Four  epoxy  resins  were  selected  for  evaluation  on  the  basis  of 
chemical  structure  and  type  of  hardener  employed  in  polymerization; 

ERLA  4305/MPDA  MPDA  =  Metaphenylenediamine 

ERL  4221/MNA  MNA  =  Methyl"Nadic  "Anhydride 

ERL  2256/MPDA 
ERL  22 72 /MNA. 

The  ERLA  4305  and  ERL  4221  are  both  cyclic  aliphatic-based  epoxy  resins 
reacted  with  different  type  hardeners.  The  ERL  2772  is  an  aromatic- 
based  resin  consisting  of  diglycidyl  ether  of  bisphenol-A  that  is  reacted 
with  an  anhydride  hardener.  The  ERL  2256  is  a  hybrid  mixture  of  a  cyclic 
aliphatic-based  resin  and  diglycidyl  ether  of  bisphenol-A  polymerized  with 
an  amine  hardener. 


Low  modulus  graphite  yarn  was  used  in  the  preliminary  experi¬ 
mental  work  because  of  the  limited  availability  of  "Thornel"  graphite  yarn 
at  that  time.  "Thornel"  25  graphite  yarn  was  incorporated  into  the 
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program  when  it  became  available.  Table  XXV  presents  filament  properties 
measured  on  the  fibers  used  in  this  study.  Filament-wound  ring  specimens 

TABLE  XXV 

FILAMENT  PROPERTIES  FOR  RING  SPECIMENS 


Low  Modulus 
Graphite  Yarn 

"Thornel"  25 

Elastic  Modulus 

(106  lb/in.2) 

6.  2 

25.  2 

Tensile  Strength 

( 103  lb /in.  2 ) 

89.  3 

194 

were  prepared  in  accordance  with  ASTM  Designation  D  2291 -64T, 

"Tentative  Recommendation  for  Fabrication  of  Ring  Test  Specimens.  "  The 
mechanical  properties  measured  on  the  rings  were  elastic  modulus  and 
tensile,  flexural,  short  beam  shear,  and  notched  beam  shear  strengths. 

The  values  for  the  elastic  modulus  of  the  rings  made  with 
"Thornel"  25  and  low  modulus  graphite  yarns  and  with  the  four  resin  sys¬ 
tems  are  compared  in  Figure  65.  None  of  the  resin  systems  yielded  a  com¬ 
posite  elastic  modulus  significantly  superior  to  those  of  the  other  resin  sys¬ 
tems.  The  fourfold  higher  elastic  modulus  of  the  "Thornel"  25  yarn  is 
effectively  translated  into  an  approximately  similar  increase  in  the  modulus 
of  the  composite  rings.  The  modulus  values  measured  on  the  rings  are  in 
agreement  with  values  calculated  by  using  the  rule  of  mixtures  for  a  fiber 
content  of  approximately  65  percent. 

The  values  for  the  tensile,  flexural,  short  beam  shear,  and 
notched  beam  shear  strengths  of  the  rings  are  compared  in  Figures  66,  67, 
68,  and  69,  respectively.  The  strength  values  measured  on  rings  made 
with  resin  system  ERL  2256/MPDA  and  "Thornel"  25  yarn  are  slightly, 
but  consistently,  higher  than  the  values  for  rings  made  with  the  other  resin 
systems.  In  addition,  the  system  ERL  2256/MPDA  has  good  handling 
properties  and  a  relatively  long  pot  life.  Consequently,  this  system  was 
selected  for  use  in  the  other  segments  of  the  resin  matrix  composite 
program. 


The  "Thornel"  25  yarn  reinforced  rings  show  higher  tensile 
strength  and,  to  a  leaser  extent,  higher  flexural  strength  than  the  rings 
made  with  low  modulus  graphite  yarn.  The  values  of  tensile  and  flexural 
strength  for  the  "Thornel"  rings  are  approximately  one-half  the  tensile 
strength  of  the  filament  and,  thus,  somewhat  below  the  65  percent 
value  for  composite  strength  based  on  the  rule  of  mixtures.  This  low  translation 
of  fiber  strength  into  composite  strength  maybe  due,  inpart,  to  shortcomings 
of  the  split  D  ring  tests  that  are  magnified  with  the  high  modulus  "Thornel"  yarn. 
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Figure  67.  Flexural  Strength  of  Rings  with  Figure  68.  Short  Beam  Shear  Strength  of  Ring 

Different  Resin  Systems.  with  Different  Resin  Systems. 


'Thornel"  Z5 


(ir.i|>hitp  Yarn 
(Low  Modulus) 


N- 10626 

Figure  69.  Notched  Beam  Shear  Strength  of  Rings 
with  Different  Resin  Systems. 

An  improved  ring  test,  not  available  at  the  time  of  this  work,  is  described 
in  Section  VII  A. 


The  shear  strengths  shown  in  Figures  68  and  69  are  low;  signifi¬ 
cant  differences  in  shear  strengths  have  not  been  observed  between  the  two 
types  of  yarn  reinforcement. 


B*  Surface  Treatments  and  Wicking  Rate  Studies  on  Graphite  Yarn 


Effect  of  Yarn  Surface  Treatment  Upon  Composite  Properties 
(A.  A.  iPatiozzi,  Union  Carbide) 


The  low  shear  strengths  obtained  from  ring  specimens  made  with 
either  "Thornel"  or  low-modulus  graphite  yarn  are  indicative  of  poor  bon¬ 
ding  at  the  fiber-resin  interface.  Results  discussed  previously  (page  133 
of  the  First  Annual  Report^1  )  )  have  indicated  bonding  to  be  more  of  a 
problem  with  graphite  yarn  than  with  carbon  yarn.  A  hypothesis  has  been 
offered  that  the  poorer  bonding  is  associated  with  the  lower  surface  area  of 
graphite  yarn.  The  previous  work  showed  that  etching  low-moduius 
graphite  yarn  with  a  solution  of  sodium  dichromate  in  sulfuric  acid  in¬ 
creases  the  surface  area  of  the  fiber,  increases  the  composite  com¬ 
pressive  strength  by  a  factor  of  approximately  two,  and  decreases  the 
composite  tensile  and  flexural  strengths. 
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Additional  results  for  low  modulus  fibers  have  been  obtained  in 
this  study  and  are  shown  in  Table  XXVI.  The  oxygen  content  of  the  fibers 

TABLE  XXVI 

PROPERTIES  OF  ETCHED  LOW  MODULUS  GRAPHITE  YARN 
(FILAMENT  MODULUS  APPROXIMATELY  6  x  106  lb/in.2) 


Solution 

Temp. 

°C 

Immersion 
Time  for 
Yarn,  min 

Surface  Area 
of  Yarn 
m2/g 

Oxygen 
Cont  ent 

% 

Control 

— 

1-2 

0.  18 

55 

5 

4 

0.  19 

55 

10 

4 

0.  23 

95-100 

5 

8 

0.  43 

95-100 

10 

17 

0.49 

95-100 

24 

23 

1. 66 

Oxidizing  Solution  H2S04‘  Na2Cr207 

increased  as  the  severity  of  the  etch  is  increased.  The  magnitude  of  the 
increase  in  oxygen  content  does  not  correlate  well  with  the  change  in  com¬ 
posite  physical  properties.  Additional  tensile,  flexural,  and  compressive 
strength  tests  have  confirmed  the  trends  reported  previously.  New 
measurements  of  the  notched  beam  shear  strength  and  wicking  rates  of 
rings  made  with  low  modulus  graphite  yarn  are  shown  in  Figure  70  (a 
discussion  of  wicking  rates  is  given  in  Section  V  B-£).  The  oxidation 
treatment  increases  the  composite  shear  strength  by  a  factor  of  approxi¬ 
mately  two,  similar  to  the  increase  in  the  compressive  strength.  Since 
there  is  no  reason  to  believe  that  these  preliminary  treatments  were 
optimum,  even  greater  improvements  in  composite  compressive  and 
shear  strengths  are  expected  to  result  from  more  extensive  surface 
treatment  and/or  coupling  agent  studies. 

2.  Correlation  of  Resin  Wicking  Rates  with  Shear  Properties  of 

Composites  '  ~~s~ - — 

DIdchenko,  Union  Carbide) 

Measurements  of  wicking  rates  of  epoxy  resins  on  unsized  graphite 
yarn  provide  a  rapid  method  for  evaluating  the  wetting  characteristics  of 
these  materials.  The  experimental  techniques  and  some  preliminary  result 
were  reported  in  Section  VI  E  of  the  First  Annual  Report.  (*  )  The  method  has 
been  used  to  study  the  effect  of  the  fiber  oxidation  treatment  on  the  wettir.g 
behavior  of  the  four  resin  systems  discussed  in  Section  V  A  of  this  report? 
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N-10998 

Figure  70.  Comparison  of  Wicking  Rates  of  ERL  2256/MPDA 
Epoxy  Resin  on  Oxidized  Low  Modulus  Graphite  Yarn  with 
Notched  Beam  Shear  Strength  of  Fiber-Resin  Rings. 
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Materials  prepared  for,  but  not  used  during  the  studies  of  yarn  oxi¬ 
dation  with  chromic  acid,  were  used  for  this  exploratory  study.  The  yarn 
had  been  stored  in  tightly  closed  containers  flushed  with  nitrogen,  a  condition 
that  assured  no  changes  in  the  surface  during  the  time  period  between  pre¬ 
paration  of  the  yarn  and  the  present  experiments.  Although  the  available 
samples  were  insufficient  for  a  complete  and  systematic  study,  they  were 
considered  adequate  to  establish  existing  trends  and  to  lay  a  foundation  for  a 
future,  more  satisfactory  experimental  design. 

The  wicldng  rates  for  the  four  epoxy  resins  are  shown  in  Table  XXVII 
for  two  lots  of  low  modulus  graphite  yarn  that  had  been  oxidized  in  sodium 

TABLE  XXVII 

WICKING  RATES  OF  FOUR  EPOXY  RESINS  ON  GRAPHITE  YARN 
TREATED  WITH  CHROMIC  ACID  SOLUTION* 


Yarn  Lot  No.  1  Yarn  Lot  No.  3 


Yarn  Immersion  Time  in  Chromic  Acid  Solution  (Minutes) 

Resin 

0.  0 

I.  0 

570 

070 

073 

ERL  4221 /MNA 

0.204 

0.221 

0.  191 

0.  153 

0.  330 

ERL  2772 /MNA 

— 

0.  106 

0.  132 

0.  167 

0,  079 

0.  150 

ERL  2256/MPDA 

0. 0666 

0.  1 12 

0.  104 

0.  160 

0.  081 

0.  125 

ERLA  4305/MPDA 

— 

0.078 

0.  096 

0.083 

0.  042 

0.  059 

^Average  wicking  rate  in  cm /min  over 
2  cm  length  of  yarn. 


dichromate  "cleaning  solution"  (approximately  4.  5  percent  NaCr2C>7  in 
concentrated  sulphuric  acid)  at  56°  C  and  52°  C,  respectively,  for  time 
periods  between  0.  5  and  5  minutes.  Untreated  yarn  from  yarn  Lot  1  was 
available  in  an  amount  sufficient  only  to  measure  the  wicking  rates  with 
one  resin,  ERL  2256/MPDA.  The  wicking  rates  shown  in  Table  XXVII 
are  averages  of  three  to  seven  individual  determinations  c:\  different 
samples  from  each  lot  of  oxidized  yarn.  The  differences  between  the 
second  and  third  columns  (measured  on  two  different  pieces  of  the  same 
yarn  given  duplicate  chemical  treatment)  show  that  the  reproducibility  of 
this  evaluation  is  rather  poor  but  appears  to  be  adequate  to  establish 
major  trends. 

There  is  a  significant  diffeience  in  the  wetting  characteristics  of 
different  resins  towards  the  oxidized  graphite  yarn.  The  ERL  4221 /MNA 
resin  wicks  significantly  better  than  the  others.  This  effect  cannot  be 
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accounted  for  by  differences  in  viscosity,  since  the  viscosity  of  ERL/4221  MNA 
system  over  agmg  periods  corresponding  ,o  the  duraiion  of  Ihese  experiments 

nl  the  fth  7  8 f  than ‘hat  °£  ERL  2256/MPDA  or  of  2272/MNA.  Oxidation 

of  the  fiber  surface  with  chromic  acid  significantly  improves  the  wicking 

adteant°aaePOXy  P™lo?ged  fiber  surface  oxidation  does  not  show  any 

advantage  over  treatments  of  0.  5  to  1  minute  duration.  These  short  dura¬ 
tion  treatments  are  sufficient  to  approximately  double  the  wicking  rate  Com¬ 
parison  of  plots  of  the  notched  beam  shear  strength  of  the  compofites  and  of 

Fiepur0err7nSp0ndll?g  r.a‘e®  versus  the  surface  oxidation  time  shown  in 

gure  70  jeveals  a  parallel  behavior  strongly  indicating  that  wetting  is  a 

measure  of  adhesion  and  that  the  notched  beam  shear  strength  is  lir/’  .ed  by 
the  ?dhesive  failure  at  the  fiber-resin  interface. 

C.  Properties  of  "Thornel"  Graphite  Fibers  and  of  the  ERL  2256/MPDA 
Resin  System  - - — - - - — - - - 

1‘  Properties  of  "Thornel"  Graphite  Fibers  and  Yarns 
(G.  B.  Spence,  Union  Carbide)  - - ” 


Average  properties  of  "Thornel"  25  and  40  graphite  fibers  and 
yarns  have  been  supplied  by  Union  Carbide  Corporation  based  on  tests 
on  the  first  several  months  of  production  material.  Measured  pro¬ 
perties  on  production  grade  material  are  given  in  Table  XXVIII  Pro¬ 
perties  obtained  from  limited  quantities  of  experimental  material  ar*> 
given  for  50  and  60  x  10*  lb/ in.  2  graphite  fibers.  The  modulus-to- 
density  ratio  for  "Thornel"  40  is  higher  than  that  of  the  boron  fiber  on 
a  tungsten  core,  and  the  strength-to-density  ratio  for  experimental 
graphite  fibers  with  a  modulus  of  50  x  10*  lb/ in.  2  is  higher  than  that  of 


TABLE  XXVIII 

AVERAGE  PROPERTIES  OF  "THORNEL"  GRAPHITE 
FIBERS,  BORON,  AND  GLASS 


"Thornel" 


Properties 

Present 

15 - 37T 

Future 

575 - 675 

Boron 
on  W* 

"S" 

Glass** 

Modulus 

(10*  psi) 

25 

40 

50 

60 

60 

12.  4 

Sp.  Mod. 

< 1 06  in.  ) 

480 

710 

850 

980 

630 

138 

Strength 

<10?  psi) 

180 

250 

285 

315 

450 

700 

Sp.  Str. 

(106  in.  ) 

3.  5 

4.4 

4.  8 

5.  1 

4.  7 

7.8 

Density 

(g/cm3) 

1.43 

1.  56 

1.63 

1.  7 

2.  63 

2.  49 

(lb/in.3) 

.  052 

.  056 

.  059 

.  061 

.  095 

.  090 

Equiv. 

<n) 

7.  5 

6.9 

6.  6 

6.  2 

102 

10.  2 

Diam. 

(mil) 

.  30 

.  27 

.  26 

.  24 

4 

.40 

*  Data  from  Reference  27 
**Data  from  Reference  28 
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The  "Thornel"  fibers  are  strongly  anisotropic.  The  transverse 
properties  have  not  been  measured,  but  Young's  modulus  transverse  to 
the  fiber  may  be  as  low  as  1  to  3  x  106  lb/in.2.  The  shear  modulus  for  ro 
tation  about  the  fiber  axis  is  probably  in  the  range  2  to  4  x  106  lb/in.2. 
Poisson's  ratios  are  expected  to  be  in  the  range  of  f  1  to  0.  3.  In  accor¬ 
dance  with  the  behavior  of  all  other  forms  of  graphite,  the  strength  and 
moduli  are  expected  to  be  independent  of  temperature  to  approximately 
1000° C  and  then  to  increase  slightly  to  2000° C. 

Estimated  thermal  and  electrical  properties  are  given  in 
Table  XXIX.  The  specific  heat  of  the  graphite  fiber  is  assumed  to  be  the 

TABLE  XXIX 

ESTIMATED  "THORNEL"  2  5  AND  40  GRAPHITE 
FIBER  PROPERTIES 


Surface  Area 

1-4 

m2/ g 

Specific  Heat  25°C  =  77°F 

0.  17 

cal/g°  C 

150°C  =  302°  F 

.  26 

or 

500°C  =  932°  F 

.  39 

Btu/lb°  F 

1000°C  r  1832° F 

.45 

Axial  Coefficient  of  Thermal  Expansion 

-273°C 

0.  0 

"C'1 

25°  C 

~  -1.  0  x  10"‘ 

400°  C 

0.  0 

>1500°  C 

~+l.  5  x  10"6 

Axial  Thermal  Conductivity 

25WC 

~  0.  2 

cal/sec  cm’C 

>1500°  C 

~  .  08 

72°F 

60 

Btu/hr  ft”  F 

>2700° F 

20 

Axial  Electrical  Resistivity  at  2  5°  C 

"Thornel"  25 

15  x  10"4 

ohm  cm 

"  40 

12 

same  as  that  for  all  other  forms  of  graphite.  Preliminary  measurements 
of  the  fiber  coefficient  of  thermal  expansion  in  the  axial  direction  indicate 
that  the  axial  expansion  is  approximately  the  same  as  that  for  a  basal 
plane  direction  in  the  graphite  single  crystal;  single  crystal  values(24)  are 
given  in  the  table.  The  fiber  coefficient  of  thermal  expansion  in  the  radial 
direction  is  expected  to  be  positive  and  of  the  order  of  magnitude  of 
.0  x  10  */  C.  Table  XXIX  lists  measured  values  of  fiber  electrical 
resistivity  in  the  axial  direction.  From  these  values,  an  estimate  has 
been  made  of  the  fiber  thermal  conductivity  in  the  axial  direction  by 
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using  a  typical  ratio  of  thermal-to-eit^trical  conductivity  for  other  types  of 
graphite.  The  axial  thermal  conductiv  ity  is  expected  to  increase  with  in¬ 
creasing  fiber  modulus. 

The  "Thornel"  fibers  are  supplied  as  essentially  continuous  fibers 
in  a  multi-fiber;  average  yarn  properties  are  given  in  Table  XXX.  Although 

TABLE  XXX 

AVERAGE  "THORNEL"  GRAPHITE  YARN  PROPERTIES 


"Thornel" 


- V5 

Plies/ Yarn 

2 

2 

Filaments  /  Ply 

720 

720 

Twist-Ply/ Ply 

1.6 

1.  5  turns /in. 

Yarn  Diameter 

~.  02 

~.  02  in. 

Yield 

5600 

6300  yd/lb. 

Breaking  Strength 

~8 

~7  lb. 

the  nominal  number  of  fibers  is  1440  fibers  per  Z -ply  yarn,  the  actual 
number  tends  to  be  slightly  less.  Fiber  counts  from  a  few  samples  were 
approximately  1410  for  "Thornel"  25  and  approximately  1360  for 
"Thornel"  40.  These  numbers  are  not  well-established  averages  and  may 
increase  in  the  future.  To  facilitate  handling,  "Th-rnel"  25  and  40  yarn 
is  supplied  with  a  polyvinyl  alcohol  (PVA)  finish  of  approximately  one 
percent  by  weight. 

2.  Properties  of  ERL  2256/MPDA  Epoxy  Resin  System 
(O.  L.  Blaksiee,  Union  Carbide) 

The  resin  system  used  for  most  of  the  composites  program  has 
been  Union  Carbide  epoxy  resin  ERL  2256  with  metaphenylenediamine 
hardener,  mixed  in  the  weight  ratio  of  19.2  parts  hardener  to  100  parts 
resin.  This  system  was  chosen  for  the  reasons  discussed  in  Section  VA. 
In  order  to  obtain  the  properties  of  the  bulk  resin,  plates  approximately 
0.  75  x  8  x  8  inches  were  cast  from  which  test  specimens  were  cut.  The 
cure  cycle  used  for  these  plates  was  35  minutes  at  85° C  and  5  hours  at 
160°  C. 


Compressive  stress-strain  curves  were  run  on  0.  5  inch  diameter 
cylinders  1.  0  inch  long.  Stress  was  calculated  by  dividing  the  force  by 
the  original  area.  Figure  71  shows  a  typical  compressive  stress  versus 
longitudinal  strain  curve  to  fracture.  Cyclic  loading  at  stress  levels 
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Longitudinal  Strain  e  (percent) 

N- 10621 

Figure  71.  Compressive  Stress  Versus  Longitudinal 
Strain  for  Epoxy  Resin  System  ERL  2256/MPDA. 

below  20,  000  lb/in.  2  showed  hysteresis  effects  but  very  little  residual 
longitudinal  strain  when  the  stress  was  removed.  Figure  72  shows  the 
first  part  of  the  compressive  stress  versus  transverse  strain  curve. 
Cyclic  loading  at  all  stress  levels  revealed  both  hysteresis  and  residual 
transverse  strain  effects. 

The  compressive  yield  strength  (stress  at  top  of  knee)  and  the 
ultimate  strength  in  compression  increase  slightly  as  the  strain-rate 
increases  by  several  decades,  as  shown  by  the  data  given  in  Table  XXXI. 
The  initial  Young's  modulus  also  increases  slightly  with  large  increases 
in  strain  rate,  as  shown  in  Figure  73.  At  a  given  strain  rate,  the 
initial  modulus  in  compression  is  approximately  5  percent  larger  than 
that  in  tension.  The  gauge  section  of  the  tensile  dog-bone  specimen  was 
0.  5  x  0.  5  x  1.  5  inches.  Values  of  Young's  modulus  E,  the  shear  modu¬ 
lus  G,  and  Poisson's  ratio  v,  determined  from  static,  sonic  resonant 
bar,  and  ultrasonic  tests,  are  given  in  Table  XXXII.  At  present,  in¬ 
sufficient  data  are  available  to  determine  whether  the  significant  in¬ 
creases  in  E  and  G  from  static  to  sonic  to  ultrasonic  values  are  to  be 
attributed  to  strain  rate  or  frequency  effects. 

The  density,  coefficient  of  thermal  expansion,  and  thermal 
diffusivity  have  been  measured  on  this  resin  system  at  room  temperature- 


N-10620 

Figure  72.  Compressive  Stress  Versus  Transverse 
Strain  for  Epoxy  Resin  System  ERL  2256/MPDA. 


These  results  and  nominal  values  for  other  physical  properties  are  given 
in  Table  XXXIII. 


TABLE  XXXI 

COMPRESSIVE  YIELD  AND  ULTIMATE  STRENGTH  AT 
VARIOUS  STRAIN  RATES  OF  RESIN  SYSTEM  ERL  2256/MPDA 


Strain  Rate 
percent/ min 

Yield  Strength 

103  lb /in.* 

Ultimate  Strength 
103  lb/in.2 

0.  5 

21.  1 

-  -  - 

1.0 

21. 2 

— 

10.  0 

22.  3 

29.  0 

20.  0 

23.  6* 

49.  8* 

200.  0 

24.  5 

34.  6 

♦Specimen  only  0.  5  in.  long;  all  others  1.  0  in.  long; 
all  0.  5  in.  diam. 


Strain  Rate  (percent/ min) 


Young's  Modulus  (106  lb/ in.  2) 

N-10619 

Figure  73.  Initial  Young’s  Modulus  Versus 
Strain  Rate  of  Resin  System 
ERL  2256/MPDA. 


TABLE  XXXII 

STATIC,  SONIC,  AND  ULTRASONIC  VALUES  OF  THE 
ELASTIC  CONSTANTS  OF  RESIN  SYSTEM  ERL  2256/MPDA 


Constant 

Static* 

Sonic** 

Ultrasonic*** 

E  (  106lb/in.  2) 

0.  545 

0.  649 

0.736 

G  (106  lb/in.  2) 

.  200 

.  239 

.  271 

Poisson's  Ratio  v 
Experimental 

.  36 

—  —  . 

Calc,  v  =  E/2G-1 

.  36 

.  36 

.  36 

*  E  by  tensile  test  at  0.  16  percent/min.  strain  rate;  G  by  static  torsion 
test. 

**Resonant  bar  test  at  about  5  kHz. 

***  Pulse  velocity  test  at  1  mHz, 

There  is  a  large  uncertainty  in  the  third  significant  figure. 


TABLE  XXXIII 

OTHER  PHYSICAL  PROPERTIES  OF  RESIN 
SYSTEM  ERL  2256/MPDA 


Property 


Density  p 

1.  226  db  0.  005 

0.  0443  ±  0.  0002 

g/cm3 
lb  /in.  3 

Exp. 

Coeff.  Thermal  Exp.  a(25°C) 

79  x  10"6 

•c’1 

Exp. 

Specific  Heat  cp  (25° C) 

0.  25 

cal/ g°  C 

Ref.  25 

Thermal  Diffusivity  K(  25°  C) 

1.  4  x  10-3 

cm2 /sec 

Exp. 

Thermal  Conductivity  k(25°C) 

4.  3  x  10"4 

cal/cm  sec°C 

k  =  PKcp 

Heat  Distortion  Temperature 

160 

#C 

Ref.  26 

Flexural  Strength,  Ultimate 

22  x  103 

lb/in. 2 

Ref.  26 

Tensile  Strength,  Ultimate 

14  x  103 

lb/in.  2 

Ref.  26 

Tensile  Elongation,  Fracture 

^4 

percent 

Ref.  26 

D.  Fabrication  of  "Thornel"-Fiber ,  Epoxy-ReMn  Composites 
(W.  A.  Doig  and  A.  A.  Pallozzi,  Union  Carbide) 


1.  Fabrication  of  Flat  Plates 


Flat  plates  have  been  fabricated  by  laminating  unidirectional 
layers  of  prepreg  "Thornel"  graphite  yarn.  The  prepreg  was  prepared 
by  simultaneously  passing  six  strands  of  "Thornel"  Yarn  through  a 
resin  bath  and  winding  a  single  ply  on  a  Mylar-covered  cylindrical 
mandrel*  as  shown  in  Figure  74.  Teflon  pulleys  were  used  as  guides 
in  order  to  minimize  yarn  damage.  To  prevent  fiber  catenary  during 
winding*  a  tension  of  1/4  to  1/2  pound  was  applied  to  each  yarn  by 
means  of  a  friction  brake. 

The  resin  system  ERL  2256/MPDA  was  maintained  at  room 
temperature.  The  resin  bath  contained  65  weight  percent  resin  solids 
in  acetone  which  gave  a  fiber  content  of  approximately  55  weight  percent 
in  the  prepreg  material.  This  concentration  of  resin  solids  was  the 
minimum  amount  that  permitted  sufficient  resin  pickup  to  hold  adjacent 
yarns  together  after  the  material  had  been  B-staged.  The  volatilization 
of  the  acetone  solvent  and  resin  advancement  u  ere  accomplished  in  a 
forced  air  convection  oven.  Uniform  resin  distribution  in  the  prepreg 
material  was  assured  by  slowly  rotating  the  mandrel  during  the  heating 
schedule.  Tn  more  recent  work*  a  sheet  of  Mylar  has  been  used  to  cover 
the  wet  layup  prior  to  heating  as  a  precautionary  measure  to  maintain 
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Figure  74.  Wet  Winding  of  "Thornel"  Graphite  Yarn  and 
Epoxy-Resin  System  ERL  2256/MPDA  on  a  Mylar-Covered  Mandrel. 
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the  resin-hardener  stoichiometry  during  B-staging.  This  procedure  does 
not  appear  to  hinder  the  complete  volatilization  of  the  solvent,  since  acetone 
odors  have  not  been  detected  from  the  prepreg  yarn.  The  PVA  coating  was 
not  removed  from  the  "Thornel"  prior  to  resin  impregnation.  Typical 
B-staging  schedules  are  given  in  Table  XXXIV. 

The  initial  fabrication  work  utilized  "Thornel"  25  yarn  but,  in  the 
spring  of  1967,  when  "Thornel"  40  yarn  became  available,  "Thornel"  25 
was  replaced  by  the  higher  modulus  yarn  for  most  of  the  work.  The  flat 
plates  made  with  "Thornel"  25  were  laminated  between  two  caul  plates  of 
1/ 8-inch  thick  stainless  steel  sheet.  A  low  degree  of  resin  advancement 
during  B-staging  resulted  in  good  resin  flow  during  pressing.  However, 
the  sides  of  the  layup  had  no  restraints,  and  fiber  wash  caused  fiber 
misalignment.  In  order  to  minimize  fibei  wash,  additional  resin  advance¬ 
ment  was  obtained  by  heating  the  "Thornel"  25  plies  during  lay-up. 

Cavity  molds  had  been  fabricated  by  the  time  the  "Thornel"  40 
yarn  became  available.  Close  dimensional  tolerances  were  held  during 
the  machining  of  the  cavity  molds  so  that  during  molding,  a  gradual 
seepage  of  excess  resin  from  the  prepreg  may  occur  without  fiber  wash. 
This  procedure  essentially  eliminates  the  difficulties  experienced  in 
fabricating  the  "Thornel"  25  composite  plates.  Fiber  content  has  been 
increased  and  the  thickness  per  ply  decreased  in  "Thornel"  40  composite 
plates.  Typical  molding  schedules  are  given  in  Table  XXXIV. 

TABLE  XXXIV 

TYPICAL  B-STAGING  AND  MOLDING 
SCHEDULES  FOR  COMPOSITE  PLATES 


"Thornel"  25  "Thornel"  40 

ERL  2256/MPDA  ERL  2256/MPDA 

Composites  Composites 


B-Staging  Schedule 

15  min  at  90°  C  15  min  at  95°  C 

15  min  at  100°  C  15  min  at  105°C 

5  min  at  105°  C 

Molding  Schedule 

60  min  at  75°  C  &  90  psi  30  min  at  70°C  &  90  psi 

60  min  at  90°  C  &  90  psi  30  min  at  100°C  &  180  psi 

60  min  at  110°C  &  180  psi  60  min  at  160°C  &  180  psi 

120  min  at  160°C  &  180  psi 

120  min  at  160#C  post  cure 
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2.  Fabrication  of  Cylinders 

Cylinders  with  diameters  of  1,  2,  and  4-inches  have  been  hoop 
wound  for  hoop  tensile  stress  tests.  For  torsion  tests,  2-inch  diameter 
by  6.  5-inches  long  cylinders  were  hoop  wound  and  the  ends  overwrapped 
with  glass  fibers.  The  1-inch  cylinder  was  wound  on  the  NOL  ring 
winder.  The  2  and  4-inch  cylinders  were  wet  wound  on  the  large  winder  on 
graphite  mandrels  which  were  removed  by  machining  after  the  composite 
was  cured.  A  problem  of  circumferential  cracking  at  the  gauge-section 
end  of  the  glass  fiber  overwrap  was  corrected  by  covering  the  mandrel 
with  a  sheet  of  Mylar  and  by  overwrapping  the  entire  cylinder  with  glass 
fibers  applied  at  an  angle.  Resin  shrinkage  during  curing  then  resulted 
in  overall  shortening  of  the  cylinder  rather  than  in  opening  up  circum¬ 
ferential  cracks.  After  the  cylinder  was  cured,  the  glass  fibers  were 
machined  from  the  gauge  section. 

A  thin-walled  cylinder  20  inches  in  diameter  by  30  inches  long 
was  filament  wound  as  a  forerunner  of  the  fuselage  component.  Two 
layers  (i.  e.  ,  fcur  plies)  were  formed  at  ±45°C;  the  length  of  the  mandrel 
used  for  this  cylinder  was  chosen  to  produce  a  simple  winding  pattern. 

The  plaster  mandrel  was  coated  first  with  carnauba  wax  and  then  with 
polyvinyl  alcohol  solution  before  winding.  The  composite  was  partially 
cured  with  quartz  tube  infrared  heaters  while  rotating  on  the  filament 
winding  machine.  The  composite  was  then  placed  in  an  oven  and  fully 
cured.  The  cured  composite  was  cut  to  length  and  the  plaster  mandrel 
was  broken  out  «f  the  cylinder.  Figure  75  shows  the  cylinder  with  light 
aluminum  bands  attached  to  protect  the  ends. 
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Figure  75.  Two-Layer  Cylinder  20  Inches  in  Diameter  x  30  Inches 
Long  Wound  with  "Thornel"  25/ERL  2256. 
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3.  Fabrication  of  Ring  Stiffeners 


Four  hollow  stabilizing  rings  are  required  in  the  design  of  the 
Representative  Fuselage^Component  No.  1  to  give  the  component  circum¬ 
ferential  stability.  Several  subscale  (1/4  size)  hollow  rings  have  been 
fabricated  with  "Thornel"  25  graphite  yarn  and  resin  system  ERL  2256/MPDA 
to  obtain  experience  in  ring  fabrication. 

A  cutaway  sectional  view  of  a  partially  cured  ring  containing  a  low 
melting  alloy  insert  (Cerrotru)  is  shown  in  Figure  76.  The  molten  alloy  was 
allowed  to  drain  during  the  complete  cure  schedule,  resulting  in  the  structure 
shown  in  Figure  77.  Two  small  holes,  1/8  inch  in  diameter,  were  drilled 
diametrically  opposite  in  the  ring's  outer  perimeter  to  allow  the  molten 
metal  insert  to  drain  during  the  cure  cycle. 

Several  difficulties  in  fabricating  hollow  rings  become  evident 
during  the  preliminary  studies.  Slag  adhered  to  the  inner  wall  of  the 
ring,  as  shown  in  Figure  77,  resulting  in  a  significant  weight  penalty  for 
the  structure.  The  slag  formation  is  due  to  the  molten  metal  combining 
with  the  release  agent  used  to  coat  the  metal  insert.  In  addition,  transverse 
cracks  were  formed  due  to  the  restraint  of  the  metal  insert  on  resin  shrink¬ 
age  upon  the  shrinkage  of  the  esin  matrix  during  the  curing  cycle. 

An  alternate  type  of  ring  stiffener  is  presently  under  evaluation 
consisting  of  segments  of  balsa  wood  as  a  core  material  sandwiched 
between  flat  composite  panels  made  from  "Thornel"  40  yarn  and 
ERL  2256/MPDA.  Figure  78  shows  the  parts  of  an  unassembled  straight 
beam;  each  side  panel  has  3  plies  oriented  at  (0°,  f45°  ,  -45°).  Two  of 
the  completed  beams  are  shown  in  Figure  79;  these  beams  will  be 
destructively  tested  to  evaluate  their  potential  as  stiffening  elements.  In 
the  fuselage  component,  hat-shaped  stringers  will  pass  through  the  holes 
in  the  beams.  The  side  panels  of  one  beam  are  twice  as  long  as  those 
of  the  other  and  the  end  joints  are  staggered  on  opposite  sides  of  the  beam. 
Additional  designs  (for  example,  with  different  lay-up  patterns  and/or 
core  weights)  will  be  evaluated  as  straight  beam  elements;  if  a  design 
appears  to  be  satisfactory,  a  circular  ring  element  will  be  fabricated  and 
tested. 

4.  Fabrication  of  Stringers  and  Stiffened  Panels 

Several  L-shaped  stringers  were  fabricated  with  different  radii 
of  curvature  to  determine  the  influence  of  fiber  strain  introduced  when 
"Thornel"  is  formed  over  curves  of  3mall  radii.  The  testing  and  evalu¬ 
ation  of  these  stringers  are  reported  in  Section  VII  F.  All  stringers  were 
of  3-ply  construction  with  p  ies  oriented  at  (90°,  0®,  90°)  with  respect 
to  the  stringer  axis.  Three  types  of  stringers  were  made  with  inner 
radii  of  curvature  of  0.  050,  l>,  100,  and  0.  200  inch,  as  shown  in 
Figure  80. 
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Figure  80,.  Three  L-Shaped  Stringers  with  Radii  of 
Curvature  of  0,  100,  0,200,  and  0,050  Inch, 

Stiffeners  for  thin  panels  are  an  important  configuration  in  the 
program.  As  an  exploratory  effort,  four  different  types  of  stringers  were 
fabricated:  Z-shaped,  box-beam,  U- shaped  (cut  from  box  beams),  and 
hat- shaped.  The  Z-  and  hat- shaped  stringers  were  molded  in  a  matched- 
die  mold  from  three-ply  and  four-ply  lay-ups  in  a  manner  similar  to  that 
used  for  molding  plates.  Box  beam  stringers  were  filament  wound  on  salt 
mandrels  0.6  by  0.6  inch  by  15  inches  long.  These  mandrels  were  wound 
at  ±60°  and  ±45°  angles*  in  two  layer  (four- ply)  thickness.  The  wet-wound 
composite  was  cured  and  the  salt  dissolved  to  leave  a  hollow,  box-beam 
stringer.  In  one  case,  the  wound  mandrel  was  placed  in  a  press  and 
cured  to  produce  a  beam  with  two  flat  surfaces  ready  for  bonding  to  a 
plate.  Some  of  the  box-beam  stringers  were  cut  to  make  U-shaped  stringers 
measuring  0.4  x  0.6  x  0.4  inch. 

A  three-ply  "Thornel"  25  composite  plate  stiffened  with  Z-shaped 
stringers  is  shown  in  Figure  81.  The  stringers  and  plate  were  fabricated 
separately  and  bonded  with  epoxy  adhesive  ERL  2772/ZZL0325,  The 
inner  radius  of  curvature  of  the  stringer  is  0.050  inch.  Figure  82  shows 
two  hat-shaped  stringers.  Difficulty  with  fiber  wash  has  been  experienced 
in  fabricating  long  hat- shaped  stringers,  and  further  studies  of  alternate 
fabrication  methods  are  in  progress. 
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1.  Lay-Up  Pattern  of  Plates 


Over  twenty-five  composite  plates  made  from  " Thorne  1"  25  and  40 
have  been  partially  or  fully  cut  into  test  specimens.  The  number  and  orien¬ 
tation  of  the  monolayer  sheets  or  plies  average  plate  thickness,  and  average 
thickness  per  ply  are  given  in  Table  XXXV  for  the  "Thornel"  25  composites 
and  in  Table  XXXVI  for  the  "Thornel"  40  composites.  A  standard  method 
is  used  throughout  this  report  for  describing  the  fiber  orientations  in  the 
lay-up  patterns.  Angles  are  counted  positive  in  a  counterclockwise  sense 
when  looking  down  on  the  plate.  The  first  angle  given  is  the  orientation  of 
the  bottom  ply  and  the  last  angle  is  the  orientation  of  the  top  ply.  For 
example,  for  the  (0,  -45,  90,45)  plate,  if  the  bottom  ply  is  in  the  east-west 
direction,  the  top  ply  is  in  the  northeast- southwest  direction. 

Most  of  the  plates  were  12  x  12  inches;  a  few  (denoted  by 
asterisks  in  Table  XXXVI)  were  7-3/4  x  20  inches.  Because  of  resin 
shrinkage,  the  thin  plates  with  an  unbalanced  lay-up  were  strongly  curved, 
even  after  the  plates  were  cured  and  post- cured  between  flat  platens.  The 
description  "strongly  curved"  indicates  that  the  plate,  when  placed  on  a 
flat  surface,  would  deviate  from  that  surface  by  one  to  several  inches. 

A  few  plates  were  slightly  curved  i.e.,  the  plates  deviated  from  the 
flat  support  by  one-quarter  to  one  inch. 

2. 


Individual  filament  properties  of  "Thornel"  graphite  yarn  vary 
both  along  the  yarn  length  and  across  the  yarn  cross  section.  Test  data 
have  shown  that  the  variations  of  filament  properties  within  a  one-pound 
ball  of  yarn  are  approximately  the  same  as  variations  from  pound  to 
pound  of  the  material.  The  standard  testing  procedure  for  each  one- pound 
ball  of  "Thornel"  is  to  test  five  filaments  selected  at  random  from  a 
cross  section. 

Table  XXXVII  shows  the  average  filament  properties  for  each 
one-pound  ball  and  the  average  of  the  six  balls  of  "Thornel"  used  in 
fabricating  each  plate  (plate  number  P25-11  was  fabricated  from  a  single 
strand  line  on  the  filament  winder  before  the  six  strand  line  was  introduced). 
The  plus-minus  limits  assigned  each  property  give  the  boundaries  of 
fairly  well-defined  scatter  bands  within  which  most  of  the  measured  values 
occurred. 


Average  Fiber  Properties 

(C.  fe.  Spence) 
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TABLE  XXXV 


LAY-UP  PATTERN  OF  "THORNEL"  25  PLATES 
USED  FOR  PHYSICAL  TESTING 


Plate 

Number 

(.517,0^2x12) 

Number 

of 

Piles 

Orientation 
of  Piled 
(deg. ) 

Ply 

Thickness 
(  In. ) 

Ply 

Thickness 
(10'J  In.) 

Remarks 

P25-4 

9 

(0.  .  .0) 

0.  120 

13.  4 

P25-M 

9 

(0.  .  .0) 

.137 

15.  2 

--- 

P25-5 

2 

(0,0) 

.028 

14.  1 

Slightly  curved,  very  fragile 

P25-1 

9 

(0,90,0.  .  .0) 

.  121 

13.4 

Partially  delaminated 

P25-I l 

9 

(0,90,0.  .  .0) 

.  141 

15.  7 

Bad  fiber  wash 

P25-12 

9 

(0,90,0.  .  .0) 

121 

13.4 

— 

P25-9 

6 

(0,90.0,90.  0,90) 

.077 

12.  8 

Slightly  curved,  lnsuf.  res. 
flow 

P25-2 

5 

(0.90,0.90,0) 

.  063 

12.6 

Insufficient  resin  flow 

P25-3 

4 

(0,90,90,0) 

.  046 

11.  5 

... 

P25-10 

3 

(0,90,  0) 

.  040 

13.  5 

Slightly  curved 

P25-7 

2 

(0,90) 

.027 

13.6 

Strongly  curved,  uf.  res. 

flow 

P25-8 

4 

(0,  -45.90,45) 

.  052 

13.  0 

Strongly  curved,  slight 
fiber  wash 

P25-6 

3 

(0,  -60,60) 

.  043 

14.  2 

Strongly  curved,  lnsuf.  res. 
flow 

P25-I3 

3 

(90,  60,  -60) 

.037 

12.  2 

Strongly  curved 

TABLE  XXXVI 

LAY-UP  PATTERN  OF  "THORNEL"  40  PLATES 
USED  FOR  PHYSICAL  TESTING 


Plate 

Number 

Number 

of 

Plies 

Orientation 
of  Piles 
deg 

Plate  Plate 

Thickness  Thickness 
in.  10“S  in. 

Remarks 

P40-1 

9 

(0.  .  .  0) 

0.  077 

8.6 

mmm 

P40-9 

7 

(0.  .  .  0) 

.062 

8.9 

— 

P40-14 

6 

(10,-10,45,  -45,  10,- 

10)  .056 

9.3 

slightly  curved 

P40-1 5* 

6 

(10,-10,45,  -45,  10,- 

IP)  .057 

9.  5 

slightly  curved 

P40-2 

4 

(90,  0,0,90) 

.029 

7.3 

... 

P40-11 

4 

(90,0,0,90) 

.  032 

8.  0 

Fiber  wash  and  surface 
wrinkled 

P40-12 

4 

(90,0,  0,90) 

.  034 

8.5 

Fiber  separation  in  some 
sections 

P40-3 

4 

(45,-45,-45,45) 

.029 

7.3 

delamination  due  to  iusuf. 
res. 

P40-4* 

4 

(45,-45,-45,45) 

.032 

8.0 

slightly  curved 

P40-10 

4 

(45,-45, -45,45) 

.032 

8.0 

— 

P40-5 

4 

(10, -10, -10, 10) 

.  034 

8.  5 

... 

P40-6* 

4 

(10, -10, -10,  10) 

.036 

9.0 

... 

P40-13* 

4 

(10,  -10,-10,  10) 

.036 

9.0 

... 

P40-16 

♦Sice  7.  75 

4 

x  2b  in. ; 

(90,10,-10,90) 

all  others  12  x  12  in. 

.039 

9.8 

... 

TABLE  XXXVII 


AVERAGE  PROPERTIES  OF  "THORNEL"  GRAPHITE 
FIBERS  USED  IN  PLATES 


Plait*  MoHulu*  Strength  Den*  it  y 

Number  (10*  \bf\n.  1  )  (lO*  Ib/ln.  1  )  (g/ern1  ) 


P25-II 

29.  4  *  4 

197  a  30 

1.  48  a  .  08 

P25-1.2,  3 

29.4  a  4 

197  a  30 

1.  48  a  .  08 

25.  0  a  4 

197  a  30 

1.  48  a  .  08 

25.  0  a  4 

197  a  30 

1. 48  a  .  08 

27.  5  *  3 

190  a  30 

1.45  a  .07 

23.  5  13 

170  a  30 

1.42  a  .07 

23.  2  a  3 

166  a  30 

1.42  a  .07 

ave. 

25.6 

186 

1.46 

P25-5.7 

29.  4  a  4 

197  a  30 

1. 48  a  .08 

25.  0  l  4 

197  a  30 

1.48  a  .08 

27.  5  a  3 

190  a  30 

1.45  a  .07 

25.  5  a  3 

180  a  30 

1.43  a  .07 

23.  5  a  3 

170  a  30 

1.42  a  .07 

23.  2  a  3 

166  a  30 

1.  42  a  .  07 

•ve. 

25.  7 

183 

1.45 

P25-8, 12 

22.  9  4  4 

171  a  35 

1.48  t  .  10 

22.9  4  4 

165  a  35 

1. 45  a  .  10 

22.  2  a  4 

165  a  35 

1.  45  a  .  10 

23.  5  a  3 

194  a  30 

1.45  a  .07 

24.  5  a  3 

175  a  30 

1.43  a  .07 

27.  5  a  3 

179  a  30 

1.47  a  .07 

ave. 

24.6 

175 

1.46 

P25-4.9, 1 3 

22.9  a  4 

171  a  35 

1.48  a  .  10 

22.  2  a  4 

165  a  35 

1.45  a  .  10 

22.  2  a  4 

163  a  35 

1.45  a  .  10 

21.  5  a  3 

194  a  30 

1.46  a  .07 

27.  5  a  3 

179  a  30 

1.47  a  .07 

27.  5  a  3 

179  a  30 

1.47  a  .07 

ave. 

25.  ! 

175 

1.46 

PZ5-6,  10 

27.  5  a  3 

179  a  30 

1.47  a  .07 

27.  5  a  3 

179  a  30 

1.47  a  .07 

26.  0  a  3 

181  a  30 

1.44  a  .07 

26.  0  a  3 

181  a  30 

1.44  a  .07 

24.  3  a  3 

181  a  30 

1.42  a  .07 

24.  3  a  3 

181  a  30 

1.42  a  .07 

ave. 

25.9 

180 

1.44 

P25-I4 

27.  5  a  3 

190  a  30 

1.45  a  .07 

25.  5  a  3 

190  a  30 

1.45  a  .07 

24.  5  a  3 

175  a  30 

1.43  a  .07 

28.  5  a  3 

194  a  30 

1.46  a  .07 

2  3.  2  i  3 

166  a  30 

1.42  a  .07 

23.  2  a  3 

166  a  30 

1.42  a  .07 

ave. 

25.4 

180 

1.44 

P40-I 

39.8  a  4 

260  a  40 

1. 56  a  .05 

through  12 

39.  8  a  4 

260  a  40 

1.56  a  .05 

39.  8  a  4 

260  a  40 

1.56  a  .05 

39.  8  a  4 

260  a  40 

1.  56  a  .05 

39.  8  a  4 

260  a  40 

1. 56  a  .05 

39.  8  a  4 

260  a  40 

1 . 56  a  .05 

ave. 

39.  8 

260 

1. 56 

P40  13 

39.  8  a  4 

260  a  40 

1.  56  a  .05 

through  16 

39.8  a  4 

260  a  40 

1.  56  a  .05 

39.  8  a  4 

260  a  40 

1.56  a  .05 

39.  8  a  4 

260  a  40 

1. 56  a  .05 

41.6  a  4 

248  a  40 

1.56  a  .05 

41.6  a  4 

248  a  40 

1.  56  a  .05 

Most  of  the  fiber  densities  on  which  the  data  of  Table  XXXVII  are 
based  were  determined  by'  dividing  the  mass  per  unit  length  of  yarn  by  the 
total  cross-sectional  area.  The  total  cross-sectional  area  was  taken  to  be 
the  average  filament  area  based  on  the  measured  area  of  20  filaments) 
multiplied  by  1420  for  "Thornel"  25  yarn  and  by  1365  for  "Thornel"  40  yarn. 
A  limited  number  of  density  measurements  have  been  made  by  immersing 
the  fibers  in  mercury  in  a  porosimeter.  The  fiber  densities  determined 
in  this  way  have  been  in  good  agreement  with  those  obtained  by  the 
geometrical  method. 

The  problem  of  determining  the  fiber  density  is  being  investigated 
further  and  more  information  will  be  given  in  a  future  report. 

3.  Fiber  Volume  Content 

(G.  E.  Spence) 

The  volume  fraction  of  fibers  in  composites  has  been  determined 
by  three  methods.  The  Kjeldahl  method  determines  the  mass  fraction  of 
nitrogen  in  the  composite.  This  number  divided  by  the  mass  fraction 
of  nitrogen  in  the  pure  resin  system  ERL  2256/MPDA  (i.  e.  ,  by  0.  0374) 
gives  the  mass  fraction  of  resin  in  the  composite.  A  second  method 
employs  nitric  acid  to  dissolve  the  resin.  )  The  weight  of  fibers 
remaining  then  gives  the  mass  fraction  of  fibers  in  the  Composite.  The 
optical  method  is  a  point  counting  technique  of  modal  analysis.  A  grid 
of  several  thousand  points  is  established  on  an  optically  polished  cross- 
sectional  surface  of  the  composite;  then,  at  each  point,  the  surface  is 
identified  as  being  fiber,  resin,  or  void.  The  volume  fractions  of  fiber, 
resin,  and  voids  are  assumed  to  be  equal  to  the  corresponding  area 
fractions. 


The  mass  fractions  are  converted  to  volume  fractions  by  density 
ratios.  The  necessary  formulas  are  as  follows:  let 

mf  &  Vf  ~  mass  &  volume  fraction  of  fiber  in  composite 

mm  k  vm  =  mass  &  volume  fraction  of  matrix  in  composite 

vv  =  volume  fraction  of  void  in  composite 

Pf»  Pm»  &  pc  =  density  of  fiber,  matrix,  &  composite. 

Then,  mf  =  1  -  mm, 

vf  =  Pcmf/pf.  vm  =  pcmm/pm,  and  vv  =  1  -  vf  -  vm.  (VE-1  ,2) 

The  accuracy  of  the  Kjeldahl  method  has  been  investigated  by 
determining  the  resin  content  of  glass-fiber,  ERL  2256/MPDA  com¬ 
posite  rings  by  this  method  and  by  the  reliable  resin  burn-off  method. 

The  mass  fraction  of  resin  was  approximately  5  percent  less  by  the 
Kjeldahl  method.  Whether  or  not  the  deviation  will  be  the  same  for 
other  batches  of  resin  remains  to  be  investigated. 
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Table  XXXVIII  gives  the  results  of  the  measurements  of  volume 
fractions  of  fibers  and  voids  in  the  plates.  In  many  cases,  the  same 
method  was  used  on  several  samples  from  the  same  plate.  The  measure¬ 
ment  of  the  composite  density  was  inadvertently  omitted  on  some  samples, 
in  which  case  the  composite  density  of  neighboring  material  was  used. 

The  error  from  this  source  is  probably  less  than  2  percent. 

The  optical  method  is  the  most  accurate,  the  uncertainty  in  the 
fiber  content  being  less  than  2  percent.  The  analytical  laboratory 
personnel  are  less  familiar  with  the  nitric  acid  method,  a  fact  that  may 
account  for  the  greater  variability  in  these  results.  This  method  seems 
capable  of  good  reproducibility.  The  Kjeldahl  method  has  always 
yielded  good  reproducibility;  but  for  plates  numbered  P  25-1,  2,  3,  5, 
and,  possibly,  8,  the  fiber  content  by  the  Kjeldahl  method  is  lower 
than  that  obtained  by  the  nitric  acid  method.  Since  the  Kjeldahl 
determinations  on  the  same  plate  were  made  at  widely  different  times, 
there  is  no  chance  of  systematic  experimental  error.  For  plates  numbered 
P  25-1,  2,  and  3,  the  good  physical  properties  and  the  optical  result 
(on  plate  number  3)  indicate  that  the  Kjeldahl  results  are  in  error.  The 
discrepancy  is  thought  to  be  caused  by  nonuniformity  of  nitrogen  fraction 
in  the  resin;  and,  at.  present,  we  have  less  confidence  in  the  Kjeldahl 
method  than  in  the  nitric  acid  method,  provided  that  duplicate  results 
by  the  nitric  acid  method  agree.  For  this  reason,  the  Kjeldahl  measure¬ 
ment  was  not  used  on  the  "Thornel"  40  plates.  For  plate  number 
P  25-5,  fiber  spacing  in  optical  micrographs  of  the  cross  section  and 
the  low  values  of  the  modulus  and  strength  indicate  that  the  Kjeldahl 
result  is  more  accurate  (in  this  2-ply  unidirectional  plate,  the  variability 
in  fiber  content  across  th  *  plate  may  be  greater  than  for  any  other 
plate).  The  column  labelled  "Average"  is  based  on  the  measurements 
which  are  thought  to  be  the  most  reliable. 

•  j»  > 

The  calculated  void  contents  are  not  very  accurate  (note  calcu¬ 
lated  negative  void  contents)  because  of  the  lack  of  an  accurate  fiber 
density.  Evidently,  when  there  was  sufficient  resin  flow  present  to 
give  a  smooth  surface,  the  void  content  was  between  0.  1  and  1.  5  per¬ 
cent.  When  insufficient  resin  flow  was  present,  the  void  content  was 
between  1.  5  and  5  percent. 

4.  Optical  Micrographs  of  Plates 

At  fiber  contents  lower  than  approximately  50  volume  percent, 
excess  resin  accumulates  between  the  yarn  strands,  as  shown  in 
Figure  83  depicting  a  plate  with  approximately  42  v/o  "Thornel"  25 
fibers.  Each  of  the  two  plies  can  be  identified,  but  little  resin 
accumulation  is  evident  between  plies.  At  approximately  46  v/o  fibers, 
the  strands  are  touching,  but  resin-rich  areas  are  present  as  shown 
in  Figure  84.  There  is  good  penetration  of  the  resin  into  the  yarn 
bundles;  the  porosity  almost  always  occurs  between  plies  or  yard 
strands.  The  porosity  has  been  observed  to  be  extensive  enough  to 
cause  poor  bonding  between  plies.  This  condition  results  from 
insufficient  resin  flow  during  molding.  In  cross -plied  laminates  with 
high  fiber  content,  cracks  often  developed  within  a  ply,  with  the  crack 
surface  generally  normal  to  the  plane  of  the  ply  parallel  to  the  fiber 
axis;  a  few  such  cracks  are  evident  in  Figure  84. 
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♦  Based  on  estimate  of  composite  density. 

**  Average  of  reliable  values,  see  text  on  next  page. 
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Flate  P25-2,  5  Plies  (0°,90°)  Lay-Up,  Fiber  Volume 
Content  42  Percent,  Surface  at  45°  to 
Fiber  Axes.  50X  Magnification, 
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Figure  84.  Plate  P25-6,  3  Plies  (0C,  ±60°)  Lay-Up,  Fiber  Volume 
Content  46  Percent.  Surface  Normal  to  Fibers  in 
Top  Ply.  5  OX  Magnification, 


Figure  85  shows  a  surface  at  45  degrees  to  the  fiber  axes  of 
plate  number  P25-3.  Since  the  lay-up  pattern  was  /0° ,  90*  ,  90* ,  0° )  the 
fibers  in  the  two  center  plies  are  parallel,  resulting  in  a  nestling 
together  of  the  strands.  At  50  v/o  fibers,  very  few  resin-rich  areas 
are  present,  and  individual  yarn  strands  are  difficult  to  distinguish 
(see  Figure  86).  This  figure  also  illustrates  an  appreciable  variation 
in  ply  thickness,  a  variation  that  may  be  caused,  in  part,  by  nonuniform 
resin  pickup  in  different  plies.  Another  cause  may  be  related  to  the 
fact  that  the  surface  between  plies  (observed  at  delaminations)  is  almost 
always  wavy,  with  a  wave  length  of  approximately  0.  2  inch.  Since  the 
outside  surfaces  are  flat,  these  wavei;  can  occur  only  if  there  is  a 
variation  in  ply  thickness.  It  is  not  known  whether  the  waves  are  due 
to  some  systematic  nonuniformity  in  the  plies  or  to  a  more  fundamental 
mechanism,  such  as  a  buckling  of  one  ^  ly  due  to  the  resin  shrinkage 
of  the  neighboring  cross  plies. 

Figure  87  shows  the  cross  section  of  a  unidirectional  lay-up 
with  50  v/o  fibers.  The  strands  nestle  so  completely  that  it  is 
difficult  to  detect  the  original  plies.  Since  internal  cracking  has  never' 
been  observed  in  unidirectional  lay-ups,  the  cracks  are  possibly  due  to 
the  resin  shrinkage  within  one  layer  being  restricted  by  the  very  stiff 
cross  plies  on  either  side. 
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Figure  85.  Plate  P25-3,  4  Plies  (0°,  90°,  90°,  0°)  Lay-Up,  Fiber 
Volume  Content  50  Percent.  Surface  at  45°  to  Fiber  Axes. 

50X  Magnification. 


Optical  micrographs  of  composites  containing  "Thornel"  40  fibers 
are  similar  to  those  for  "Thornel"25.  In  Figure  88  of  a  unidirectional 
composite  with  68  v/o  "Thornel"  40  fibers,  the  boundaries  between  yarns 
have  almost  disappeared.  Figure  89  shows  the  same  surface  at  higher 
magnification;  fiber-fiber  contacts  are  common  at  high  fiber  loadings. 
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SECTION  VI 

PHYSICAL  PROPERTIES  OF  GRAPHITE-FIBER, 
RESIN-MATRIX  COMPOSITES 


he  initial  physical  properties  measurement  program  on  the 
"Thorne  25  series  of  resin  matrix  composites  had  the  objectives  of  de¬ 
termining,  the  extent  to  which  the  fiber  properties  could  be  realized  in  a 
composite  and  of  determining  the  principal  elastic  properties  and  strength 
allowables  needed  for  the  design  activities.  Additional  data  were  obtained 
on  off-axis  c'astic  and  strength  properties  and  on  the  effects,  particularly 
on  the  strength  and  flexural  rigidities,  of  decreasing  the  number  of  plies  in 
the  laminate.  Subsequent  work  on  the  "Thornel"  40  composites  has  been  de¬ 
voted  mainly  to  determining  the  strength  allowables  for  nonorthogonal  lay-up 
patterns  and  to  determining  complete  sets  of  membrane  and  bending  elastic 
properties. 

The  physical  properties  test  procedures  are  described  in 
Section  VI  A.  Membrane  and  bending  elastic  properties  are  reported  in 
Section  VI  B,  and  membrane  stress-strain  curves  are  shown  in  Section  VIC. 
Tensile,  compressive,  and  short-beam  shear  strengths  of  plate  specimens 
and  hoop-tensile  and  torsional  strengths  of  cylinders  are  given  in 
Section  VI  D.  The  results  of  a  limited  study  of  the  effects  produced  by  sub¬ 
mersion  in  boiling  water  are  reported  in  Section  VI  E.  Section  VI  F  presents 
preliminary  measurements  of  thermal  expansion  and  conductivity. 

A.  Test  Procedures  for  Fiber  Composites 

(O.  L.  feiakslee.  Onion  Carbide  Corporation) 

Tensile  Tests.  Tensile  tests  have  been  made  on  "dog-bone"  shaped 
composite  specimens;  except  for  three  specimens,  the  gauge  section  was 
0.  25 -inch  wide  and  1-  or  2-inches  long.  Figure  90  shows  typical  specimen 
shapes.  The  wide- shank  specimen  (Type  A)  was  used  for  multidirectional 
composite  specimens  and  for  unidirectional  composite  specimens  tested  off- 
axis;  the  long,  narrow-shank  specimen  (Type  B)  was  used  for  unidirectional 
composite  specimens  tested  in  the  fiber  direction.  The  specimen  ends  were 
reinforced  with  reusable  cteel  doubler  plates  bonded  to  the  specimens  with 
ERL  2795/ERL  2793  epoxy  resin  as  shown  in  Figure  91.  The  shape  of  the 
Type  B  doubler  plate  was  chosen  to  obtain  a  more  uniform  distribution  of 
shear  stress  in  the  specimen  than  that  which  occurs  with  the  simpler 
Type  A  plate.  Satisfactory  tensile  breaks  could  not  be  obtained  on  uni¬ 
directional  "Thornel"  40  composites  with  either  a  Type  A  plate  or  an  elon¬ 
gated  rectangular  but  nontapered  plate.  A  pin  was  placed  in  the  small  hole 
in  the  Type  B  specimen  to  insure  alignment  during  bonding  of  the  doubler 
plates.  For  both  the  Type  A  and  B  specimens,  a  pin-clevis  loading  fixture 
was  chosen  instead  of  the  clamp-grip  loading  fixture  because  of  the  superior 
aligning  characteristics  of  the  former  under  load.  Longitudinal  and  trans¬ 
verse  strains  were  measured  by  pairs  of  high  elongation  strain  gages 
mounted  on  both  sides  of  the  specimen  and  wired  so  as  to  cancel  bending 
effects.  The  cross-head  rate  was  either  0.01  or  0.02  inch/min. 

f  8^°?1  Tfe.sts;  Edgewise  compression  tests  were  made  on 
3*  5  x  0.  5-inch  "dog-bone*1  shaped  specimens  with  a  2.75  x  0.  375-inch 
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figure  90.  Geometry  of  Typical  Tensile  T*st  Specimens. 

gauge  section.  The  specimens  were  clamped  on  the  ends  to  prevent 

Qf  J°Nrinfnfnd  sl-^P°rted  by  the  fixture  described  in  Federal  Test  Method 
Std.  No.  406,  Method  1021  (shown  in  Figure  92).  Strain  was  measured  on 
several  of  the  Thornel  25  composite  specimens.  On  thick  specimens, 
bo.h  strain  gages  mounted  on  the  edges  and  a  strain-gage  compressorneter 
were  used,  on  thin  specimens,  only  the  compressorneter  was  used.  The 
cross-head  rate  was  either  0.01  or  0.  02  inch/min. 

Bend  Tests.  Bend  (flexural)  test*  were  made  with  the  fixture 
shown  in  Figure  93.  The  distance  between  the  middle  load  points  is 
.  3  inches  and  between  the  outer  support  points  is  4.  0  inches.  The  effect 
of  friction  between  the  specimen  and  the  fixture  is  minimized  by  supporting 
the  load  arid  support  rods  in  ball  bearings.  The  support  carriage  is 
balanced  in  ball  bearings  so  that  the  fixture  will  automatically  adjust 
for  specimens  with  an  initial  curvature  along  the  specimen  axis. 
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Figure  91.  Reinforcing  Doubler  Plates 
for  Tensile  Specimens. 
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Figure  92.  Edgewise  Compression  Fixtures. 

Friction  between  the  two  paits  of  the  fixture  had  to  be  limited  to  less  than 
0.  03  pound  because  the  loads  applied  to  tnin  composite  specimens  to  meas¬ 
ure  elastic  properties  were,  in  some  instances,  only  0.2  pound.  On  most 
teftS,  the  curvatures  both  along  and  transverse  to  the  specimen  axis, 
were  measured  with  pairs  of  strain  gages  mounted  on  both  sides  of  the 
specimen,  usually,  all  four  strains  were  monitored  separately.  Occasional 
large  deviations  between  the  magnitudes  of  the  transverse  strains  on  the  top 
and  bottom  surfaces  indicate  that,  in  some  specimens,  the  loading  was  not 
a  pure  bending  moment,  probably  because  of  material  nonhomogeneities 
and  geometrical  irregularities  in  the  specimens.  The  cross-head  rate  was 
either  0.  05  or  0.  1  inch/min. 

Shear  Tests.  Shear  strengths  were  obtained  by  the  flexure  of  a 
short  beam  loaded  at  three  points.  (Specimen  dimensions  are  discussed 
later  in  connection  with  the  results.  )  A  few  shear  strengths  were  measured 
by  the  torsion  of  thin-walled  hollow  cylinders  which  were  hoop  wound.  The 
torsion  tests  were  made  on  the  torsion  apparatus  described  in  Section  III  C  1 
(see  Figure  10). 

Sonic  and  Ultrasonic  Tests.  Nondestructive  sonic  resonant  bar 
tests  were  made  on  all  tensile,  compression,  and  bend  specimens  before 
the  specimens  were  machined  to  "dog-bone"  shape  and/or  statically 
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tested.  The  sonic  resonant  bar  test  used  longitudinal  and  flexural  res¬ 
onances  parallel  to  the  laminate  to  measure  membrane  (extension) moduli 
and  used  flexural  resonances  perpendicular  to  the  laminate  to  measure 
bend  moduli. 


Thermal  Expansion  and  Conductivity  Tests.  The  coefficient  of 


A  limited  number  of  direct  shear  moduli  measurements  were 
made  by  the  ultrasonic  pulse  velocity  method.  The  shear  constants 
C44,  C55,  and  c$6  were  measured  by  a  1  mHz  shear  wave  using  a 
receive  technique. 


N-17511 

Figure  93,  Bend  Fixture, 


thermal  expansion  was  determined  from  the  change  in  length  between  room 
and  steam  temperatures  compared  with  that  of  an  Invar  standard.  The 
thermal  conductivity  was  calculated  from  the  room-temperatui  j  thermal 
diffusivity  measured  by  the  flash  method  and  from  the  specific  heat 
calculated  fromthe  specific  heats  of  the  fiber  and  the  resin. 


B,  Composite  Elastic  Properties 

(O.  L.  Blakslee  and  G.  B.  Spence,  Union  Carbide) 

Tensile  specimens  and  a  limited  number  of  resonant  bar,  compres¬ 
sion  and  bend  specimens  were  cut  at  various  angles  from  the  "Thornel"  25 
and  40  composite  plates.  Typical  cutting  patterns  are  shown  in  Figure  94. 


N- 10730 

Figure  94.  Plates  and  Cylinders  of  "Thornel"  25/ERL  2256 
Peirtially  Cut  into  Specimens  for  Testing. 


The  tensile  specimen  orientations  were  as  follows: 


Plates 


Specimen  Orientation 


P25-1,  2,  3,4,  10 

P25-6 

P25-8 

P25-5 

P25-7,  9 


0°,  10°,  20°,  456, 90° 
0°, 10°,  20°,  30°,  90° 
0°, 10°, 22. 5°, 45°, 90° 
0° 

0° ,  90° 


P40-1,  6,9,  14,  16 
P40-5,  12 
P40-10 


0° ,  45° ,  90° 
0°,90° 

0° 
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All  of  the  data  in  this  section  were  measured  on  bars  with  a  gauge  section 
width  of  0.  25  inch;  the  gauge  section  length -to -width  ratio  was  4  or  greater. 

Section  VI  B  1  contains  a  discussion  of  the  Young's  moduli  values  at 
low  stress  levels,  obtained  from  sonic  tests  on  the  rectangular  tensile  bars 
from  which  the  tensile  "dog-bone"  specimens  were  cut  and  from  the  initial 
slopes  of  static  tensile  stress-strain  curves.  So  that  data  from  different 
plates  might  be  compared,  the  data  must  be  reduced  to  a  common  fiber 
modulus  and  fiber  volume  content.  In  Section  VI  B  2,  these  normalized 
da.ta  are  compared  and  evaluated  with  respect  to  moduli  predicted  from  con¬ 
stituent  properties  by  the  rule-of-mixtures.  The  Poisson's  ratios  and  shear 
moduli  are  given  in  Tables  XXXIX  and  XL  of  Section  VI  B  1  and  are  dis¬ 
cussed  in  Section  VI  B  3.  The  complete  tensile  stress-strain  curves  are 
reported  in  Section  VI  C. 

Definition  of  Standard  Coordinate  System  and  Notation  for  Elastic 
Properties'!  A  standard  coordinate  system  is  chosen  such  that  the  Xj  axis  is 
in  the  plane  of  the  plate  and  in  the  zero  degree  direction.  Angles  are  posi¬ 
tive  on  rotating  counterclockwise  as  one  views  the  plate  from  above.  The 
x2  axis  is  in  the  plane  of  the  plate  and  points  in  the  positive  90  degree 
direction;  the  x3  axis  is  perpendicular  to  the  plate  and  points  up.  The  elastic 
compliance  constants  sjj  (defined  by  ej  =  Sijo-j)  and  the  elastic  stiffness  con¬ 
stants  cij  (defined  by  o* j  =  cjje  j)  are  determined  with  reference  to  the  stan¬ 
dard  coordinate  system.  The  Young's  moduli  in  the  0  and  90  degree 
directions  are: 

El  =  1/e,,  and  E*  =  l/s22  (VIB-1) 

The  Poisson's  ratios  for  stresses  in  the  0  and  90  degree  directions  are: 

vi2  - -812/si  i  and  v21  =  -si2/s22  (VIB-2) 

and  the. in-plane  shear  modulus  is: 

G  =  c66  -=l/866  ( VIB-3) 

Procedure  for  Analyzing  the  Data.  Elastic  moduli  were  measured 
on  tensile  bars  cut  at  various  angles  from  the  "Thornel"  25  composite 
plates.  In  the  zero  stress  limit,  the  Young's  modulus  and  Poisson's  ratio 
for  a  bar  at  an  angle  0  with  respect  to  the  xj  axis  can  be  calculated  from  the 
elastic  constants  relative  to  the  standard  coordinate  axes.  This  fact  has 
been  utilized  in  analyzing  the  present  moduli  data. 

The  Young's  modulus  E'(0),  Poisson's  ratio  v'(6),  and  the  in-plane 
shear  modulus  G'(0)  of  a  bar  in  the  Xj  x2  plane  at  an  angle  0  with  Xj  axis 
can  be  expressed  in  terms  of  the  standard  compliance  constants  by  the 
following  formulas  (orthorhombic  symmetry  is  assumed): 

E'(0 )  =  l/sM  '(0) 
v'(0)  =  -s,  2'0  )/Sj  ,  '(0) 

G'(0 )  =  1/s66'(6) 
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( VIB-4) 
( VIB-5) 
( VIB-6) 


in  which 


si  i  '(© )  =  Si  j  +  Sj  sin20  +  S2  sin40  ( VIB-7) 

s12'(e)  =  s12  +  S2( s in20  -  sin40)  (VIB-8) 

S6  6  '(6 )  =  s66  +  4S2(sin20  -  sin4© )  (VIB-9) 

and 

Sj  =  -2sjj  +  2s12  +  S(&  (VIB-10) 

S2  =  sj,  +  s22  -  2s12  -  86  6  ;(VIB-11) 

If  one  sets  y{0 )  =  sin20  and  So  =  s2  j ,  equation  VIB-7  may  be  written  as  a 
second  degree  polynominal  in  y: 

811 '(0)=  So  +  S2y(0)  +  S2y?(0  )  ( VIB-12) 

A  standard  computer  program  was  used  to  make  a  least  squares  fit  of  the 
data  to  equation  VIB-12.  The  computer  input  consisted  of  the  experimental 
values  of  su  '(0)  from  the  static,  sonic  longitudinal,  and  sonic  in-plane 
flexural  tests  and  the  corresponding  values  of  y(0)  for  all  bars  of  a  given 
plate.  The  computer  output  was  a  set  of  best  values  for  S0 ,  Sj ,  and  S2  for 
the  plate.  In  this  way,  all  of  the  data  were  treated  equally. 

Since  S2  is  a  large  negative  number  and  s12  iB  a  small  negative 
number,  experimental  errors  in  S2  preclude  the  use  of  equation  VIB-8 
and  experimental  values  of  s12’(0)  at  O°<0<9O0  to  compute  a  best  value  of 
s,2.  However,  since  s12'(0)  =  s12  at  0  =  0°  and  90°,  the  best  value  of 
Si 2  was  taken  to  be  the  average  of  the  values  fcr  the  0°  and  90°  bars: 

s12  *  [s12'(0°)  +  s12'(90°)]/2  (VIB-13) 

The  best  values  for  the  remaining  standard  compliance  constants  for  the 
plate  were  computed  from: 

811  =  S0  ( VIB-14) 

822=S0  +  S1+S2  (VIB-15) 

and 

366  =  2S0  +  Si  -2s12  (VIB-16) 

The  best  engineering  moduli  for  the  plate  were  computed  from  these 
values  with  equations  VIB-1,  2,  3. 

Plates  numbered  P2.5-6  and  P25-8  have  approximately  trans¬ 
versely  isotropic  symmetry  instead  of  orthorhombic  symmetry.  Consider  a 
plate  made  up  of  a  large  number  of  thin  packets,  each  packet  consisting  of 
n  plies  oriented  uniformly  at  an  angle  of  180/n  degrees  apart.  By  invoking 
the  consequences  of  symmetry  on  the  transformation  formulas  for  the 
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extensional  elastic  constants,  one  can  show  that  if  n  is  equal  to  or  greater 
than  3,  the  extensional  elastic  properties  of  the  plate  will  have  transversely 
isotropic  symmetry.  *  Even  though  plates  P25-6  and  P25-8  have  un¬ 
balanced  lay-ups  of  only  one  packet,  it  will  be  assumed  that  their  symmetry 
is  strictly  transverse  isotropy.  In  practice,  any  deviation  of  the  extensional 
moduli  from  transverse  isotropy  is  within  the  scatter  of  the  data.  The 
average  of  the  values  of  1/si  1  for  each  bar  from  plates  P25-6  or  P25-8  is 
always  greater  than  the  reciprocal  of  the  average  of  the  values  of  sji  for  each 
bar,  but  the  difference  is  only  approximately  1  or  2  percent.  So  that  the 
transversely  isotropic  and  orthorhombic  plates  might  be  treated  similarly, 
the  procedure  used  for  plates  P25-6  and  P25-8  was  to  average  all  the  values 
of  Si  i  and  the  values  of  Si2  to  obtain  the  best  compliance  constants  for  the 
plates.  The  Young's  modulus  and  Poisson's  ratio  for  the  plate  were  com¬ 
puted  from  these  values  with  equations  VIB-1  and  2.  For  transverse  isotropy, 
the  in-plane  shear  modulus  is  given  by 

G=(ci,  -  c!2)/2  =  l/2(s,,  -  sl2)  (VIB-17) 

For  plate  number  P25-5,  the  only  tensile  specimen  tested  was  in  the 
0°  direction.  For  plat  es  P25- 7  and  P25-9,  a  tensile  bar  was  tested  in  the  0° 
and  90°  directions  only;  sonic  and  static  values  of  the  compliance  constants 
were  averaged. 

At  present,  only  measurements  at  0°,  45°,  and  90°  have  been  made 
on  the  series  of  plates  made  of  "Thornel"  40  yarn.  Values  of  Ei ,  E^,  vl2  and 
v2i  were  obtained  from  the  0*  and  90°  specimens.  The  in-plane  shear  modu¬ 
lus  was  calculated  from  data  for  the  45°  specimens  by  using  the  relation 

G  =  E'(45°)/2[l  +  v'(45°  )]  ,  (VIB-18) 

which  follows  from  equations  VIB-3  through  11. 

1.  Young's  Moduli  Membrane  and  Bending 

Young's  modulus  in  the  limit  of  zero  stress  has  been  measured 
under  membrane  loading  by  static  tensile  and  sonic  resonant  bar  tests  and, 
in  a  few  cases,  by  compression  tests.  Since  the  values  obtained  in  com¬ 
pression  agreed  well  with  sonic  measurements  on  the  same  specimen  and 
with  static  tensile  measurements  on  similar  samples,  the  moduli  meas¬ 
urements  in  compression  were  discontinued  due  to  the  difficulty  of  obtaining 
the  compression  strain.  A  small  amount  of  compression  modulus  data  is 
given  at  the  end  of  this  (VIB-1)  section. 

The  so-called  equivalent  Young's  modulus  in  bending  has  been 
determined  from  static  bend  tests.  In  addition,  an  exploratory  study  was 
initiated  to  see  if  Young's  modulus  in  bending  could  be  determined  from 
the  sonic  resonant  vibrations  of  a  freely-supported  bar.  A  discussion  of 
the  sonic  work  is  given  in  the  next  subsection;  this  review  is  followed  by 
a  presentation  of  the  experimental  result. 

Sonic  Resonant  Bar  Test  Method.  An  effort  has  been  made  to 
evaluate  the  sonic  resonant  bar  method  for  determining  the  zero  stress 

••'''i'he  authors  are  indebted  to  Mr.  L.  B.  Greszczuk  for  bringing  this  pro¬ 
perty  to  their  attention. 
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level  elastic  constants  of  strongly  anisotropic  fiber -reinforced,  epoxy  com¬ 
posites.  Since  the  study  has  not  been  completed,  and  only  a  status  report 
can  be  given  at  this  time,  the  bars  were  supported  at  their  nodal  points; 
both  ends  were  free.  Resonant  frequencies  were  measured  for  several  har¬ 
monics  (first  harmonic  =  fundamental)  of  four  types  of  vibrations.  Longitu¬ 
dinal  vibrations  parallel  to  the  axis  of  the  bar  and  flexural  vibrations  with 
the  plane  of  vibrations  parallel  to  the  plies  both  yield  the  membrane  Young's 
modulus.  Flexural  vibrations  with  the  plane  of  vibration  perpendicular  to 
the  plies  presumably  yield  the  flexural  rigidity  relating  bending  moment  to 
curvature.  However,  the  data  from  the  ouc-of-plane  vibrations  are  reported 
here  as  equivalent  Young's  moduli  in  bending  since,  by  comparing  moduli  in 
membrane  and  in  bending,  v-’e  wish  to  emphasiz,e  the  large  difference  between 
these  numbers  when  the  plates  have  only  a  few  plies.  The  data  from  the 
torsional  vibrations  have  not  yet  been  analysed.  The  failure  of  the  torsional 
frequencies  to  follow  an  integer  harmonic  series  indicates  that  the  bars  were 
not  vibrating  in  a  purely  torsional  mode.  It  remains  to  be  seen  whether  a 
reliable  value  of  a  shear  modulus  or  a  torsional  rigidity  can  be  obtained  from 
the  torsional  resonant  frequencies. 

A  modulus  was  calculated  for  each  resonant  frequency  of  each  type 
of  vibration.  For  the  longitudinal  vibrations  and  for  the  in-plane  flexural 
vibrations,  the  modulus  '  alues  for  all  the  harmonics  were  averaged  to 
obtain  the  data  reported  here.  The  spread  in  the  values  indicates  an  uncer¬ 
tainty  in  the  average  of  approximately  2  to  4  percent.  For  the  out-of-plane 
flexural  vibrations,  the  equivalent  modulus  in  bending  invariably  decreased 
as  the  harmonic  number  increased  from  1  to  3  or  4  As  ar  example,  the 
following  results  were  obtained  on  bars  from  plate  number  P25-3: 


Harmonic 

Equivalent  Modulus 

in  Bending  (I06lb/in.  z) 

■tensile  Bar 

No.  1  at  0° 

Flexure  Bar 
No.  1  at  0° 

1 

SC  1 

—  m  — 

2 

14.  2 

•  _  _ 

3 

10.9 

12.  2 

4 

9.80 

10.  1 

5 

9.  61 

9.  35 

6 

— 

9..  42 

7 

-  — 

9.62 

8 

- 

9.  58 

9 

— 

9.67 

10 

— 

9.68 

11 

*"  •'  - 

9.46 

The  membrane  Young's  modulus  is  only  5.  6  x  I06lb/in.  2.  There  is  an 
additional  uncertainty  in  this  procedure  in  that  the  values  of  Young's 
modulus  calculated  from  the  higher  harmonics  depend  strongly  on  the 
value  of  the  shear  constant  which  is  used  as  a  correction  factor  in 
Timoshenko's  equation(30  )  for  the  flexural  vibrations  of  a  resonant  bar. 
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Only  5  or  6  harmonics  were  measured  on  the  tensile  specimen  blanks;  the 
sonic  value  of  the  equivalent  modulus  in  bending  reported  in  the  following 
subsection  is  the  mean  of  the  values  calculated  from  the  highest  2  or  3 
harmonic  frequencies. 

Results  from  Static  Tensile  Static  Bend,  and  Sonic  Resonant  Bar 
Tetvts.  The  results  reported  here  for  the  "Thornel"  25  composites  are 
base  cl,  at  each  angle,  on  sonic  and  static  tests  of  only  one  tensile  specimen 
and  on  bend  tests  of  one  bend  specimen.  Additional  testing  is  underway  to 
determine  the  degree  of  reproducibility  of  the  data. 

The  sets  of  best  values  of  the  membrane  moduli,  obtained  by  the 
procedures  discussed  above,  are  given  in  Table  XXXIX  for  the  "Thornel"25 
composite  plates  (the  va’ues  of  the  Young's  modulus  in  bending,  obtained 
from  italic  bend  tests,  are  given  later  in  Table  XLI.  )  The  values  of  Young's 
modulus  from  individual  static  tensile,  static  bend,  sonic  longitudinal,  and 
sonic  in-plane  and  out-of-plane  flexural  tests  are  shown  in  Figures  96 
through  102  for  plates  numbered  P25-4,  1,  2,  3,  10,  8,  and  6;  the  symbols 
used  in  these  figures  are  explained  in  Figure  95.  The  solid  curve  is  the 
membrane  Young's  modulus  values  calculated  from  equations VIB-4,  7,  10, 
and  11  and  the  average  plate  moduli  given  in  Table  XXXIX.  The  dashed 
curve  in  Figures  96  through  102  is  an  attempt  to  represent  the  bending 
modulus  data  by  equations  VIB-4  and  12,  in  which  the  three  constants  Sj‘, 
and  are  determined  by  requiring  the  curve  to  pass  through  the  experimen¬ 
tal  sonic  bending  modulus  values  at  0  equal  to  0,  45,  and  90  degrees. 


+  Membrane  Young's  modulus  dr  Poisson's  ratio 
measured  by  static  tension. 

O  Membrane  Young's  modulus  measured  on  tensile 
blank  by  sonic  longitudinal  vibrations. 

X  Membrane  Young's  modulus  measured  on  tensile 
blank  by  sonic  flexural  vibrations  paralled  to  the 
plies. 

A  Bending  Young's  modulus  measured  on  tensile 
blank  by  sonic  flexural  vibrations  perpendicular 
to  the  plies. 

A  Bending  Young's  modulus  measured  on  separate 
bend  specimen  by  static  bend  test. 

“  Membrane  Young's  modulus  and  Poisson's  ratio 
calculated  from  data  of  Table  I  or  II. 

— -■  Bending  Young's  modulus  calculated  from  data  at 
0",  45\  and  90*. 

. In-plane  shear  modulus  calculated  from  data  of 

Table  I  or  II. 


N- 17244 

Figure  95.  Symbols  Used  for  Elasticity  Data. 


TABLE  XXXIX 


AVERAGE  VALUES  OF  MEMBRANE  ELASTIC  MODULI  AND 
COMPLIANCE  CONSTANTS  FOR 
"THORNEL"  25/ERL  2256  PLATES 


Plate 

Number 


P25-4 

PZ5-5 

P25-1 

PZ5-9 

P25-2 

P25-3 

P25-10 

P25-7 

P25r8 

P25-6 


0.09  03  0.949  1.66  -0.026 

.115  --- . .  037 


227  2.  31 
169 

281  2.10 

177  1.92 
225  1.99 
21  - 


.  636 
.779 


-.  009 
-.009 
-.  Oil 

-.  008 
-.012 
-.  04  ( 

-.  074 
-.  085 


There  is  a  large  uncertainty  in  the  last  significant  figure 
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Figure  102.  Young's  Modulus  Versus  Angle  of  Test  Specimen  for 
"Thornel"  25/ERL  2256  Plate  P25-6.  See  Figure  95 
for  Explanation  of  Symbols. 

The  sonic  longitudinal  value  of  the  membrane  Young's  modulus 
agreed  closely  with  the  sonic  in-plan*!  flexural  value  on  all  plates  except 
P25-6  and  8.  The  tensile  blanks  from  these  plates  were  both  curved  along 
and  twisted  about  the  bar  axis  (the  warping  was  due  to  the  unbalanced 
lay-up  pattern).  With  very  few  exceptions,  the  static  tensile  values  either 
agreed  with  the  sonic  values  or  varied  from  them  by  less  than  10  percent. 
Since  the  number  of  measurements  is  larger  than  the  number  of  elastic 
constants  determined  from  the  measurements,  the  good  agreement  of  the 
calculated  curve  of  E'(6)  with  the  experimental  results  at  all  angles  in¬ 
dicates  that  the  test  methods  for  the  membrane  modulus  are  satisfactory. 
The  agreement  also  indicates  that  off-axis  elastic  properties  of  graphite- 
fiber  composites  can  be  accurately  computed  when  the  principal  elastic 
constants  are  reliably  known. 

The  sonic  and  static  values  of  the  bending  modulus  are  in  good 
agreement  in  view  of  the  variation  in  the  harmonic  series  of  the  flexural 
vibrations  discussed  previously.  The  modulus  deduced  from  higher  har¬ 
monics  such  as  the  fifth  harmonic,  appears  to  be  accurate  to  within 
approximately  10  percent;  by  changing  the  sample  dimensions,  it  may  be 


possible  to  use  a  lower  harmonic  number  and  still  deduce  a  reliable  bend¬ 
ing  modulus.  As  the  number  of  plies  decreases,  a  difference  between  the 
membrane  and  bending  moduli  increases,  a  trend  clearly  illustrated  by  the 
data  of  Figures  97,  98,  and  100.  (An  analytical  investigation  of  this  point  is 
discussed  in  Section  VIIIB.  )  Consequently,  in  laminates  with  a  small  num¬ 
ber  of  plies,  it  is  important  to  measure  the  bending  modulus  as  well  as  the 
membrane  modulus.  The  sonic  test  has  the  potential  of  being  a  quick  and 
inexpensive  way  of  obtaining  both  types  of  moduli. 

The  correct  dependence  of  modulus  on  test  specimen  orientation  was 
confirmed  on  the  "Thornel"  25  composites;  therefore,  "Thornel"  40 
composites  were  tested  only  at  0°  and  90°,  to  provide  the  principal  Young's 
moduli  and  Poisson's  ratios,  and  at  45°,  to  provide  the  in-plane  shear 
modulus.  The  results  reported  here  for  the  "Thornel"  40  composites  are 
based,  at  each  angle,  on  sonic  and  static  tests  of  two  or  more  tensile  bars 
from  each  plate  and,  in  some  cases,  on  tests  of  bars  from  different  plates 
with  the  same  lay-up  pattern.  The  greater  scatter  in  the  data  compared  with 
that  for  the  single  specimen  "Thornel"  25  data  gives  some  indication  of  the 
variability  among  specimens  from  the  same  plate  and  among  specimens  from 
different  plates.  The  sets  of  best  values  of  the  membrane  moduli  are  given 
in  Table  XL  for  the  "Thornel"  40  composite  plates.  The  values  of  Young's 
modulus  from  static  tensile,  sonic  longitudinal,  and  sonic  in-plane  flexural 
tests  are  shown  in  Figures  103  through  107  for  plates  numbered  P40-1,  9,  14, 
5,  6,  10,  12,  and  16.  As  with  the  "Thornel"  25  composite  data,  the  static 
and  sonic  values  are  in  good  agreement. 


TABLE  XL 

AVERAGE  VALUES  OF  MEMBRANE  ELASTIC  MODULI  AND  COMPLIANCE 
CONSTANTS  FOR  "THORNEL"  40/ERL  2256  PLATES 


P40-1,  9  0.0406  1.  05  L  35  -0.0118 

P40-14  0.  0704  0.  50  0.  370  -0.  0577 

P40-12*  0.  0847  0.  083  3  1.  61  -0.  00203 

P40-16  0.  106  0.  0909  1.  19  -0.  0C447 

P40-5,  6  0.  0463  0.952  p.  667  -0.  0449 


There  is  a  large  uncertainty  in  the  last  significant  figure. 
*Plate  P40-10  was  tested  at  0°  in  lieu  of  testing  P40-12  at  45°. 
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FigUr?.i?7*  Youn8!*  Modulus  Versus  Angle  of  Test  Specimen  for 
"Thorn el"  40/ERL  2256  Plate  P40-16.  See  Figure  95 
for  Explanation  of  Symbols. 

-  *  ^e*°£  Young'8  m<>duli  and  Poisson's  ratios  in  bending,  obtained 

(P2?  VlnA  w!n,t'’  . are  given  in  Table  XLL  The  unidirectional  plates 
hrfnl \^P*Ml)Zre  homogeneous.  As  expected,  the  values  of  the  mem¬ 
brane  and  bending  Young's  moduli  are  in  agreement;  in  most  other  cases, 
the  membrane  and  bending  moduli  are  very  different.  The  Poisson's  ratios 
in  bending  are  discussed  in  Section  VI  B  3. 

For  many  of  the  lay-up  patterns  considered  here,  the  complete 
membrane  and  bending  elastic  properties  have  been  calculated,  based  on 
fiber  and  matrix  constituent  properties  and  various  micromechanics  models. 
Summaries  of  these  calculations  and  comparisons  with  the  present  measured 
data  are  given  in  Sections  VIII  A  and  B. 


A 
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TABLE  XLI 


BENDING  MODULUS  FOR  "THORNEL"  25 
AND  40/ ERL  2256  PLATES 


Plate 

No. 

Plies  & 

Lay-Up 

E,(B) 

E2(B) 

v„(B) 

vzi(B) 

10‘  lb/in.  z 

P25-4 

9(0) 

11.  1 

1.  00 

0.  30 

0.021 

P25-1 

9(0,90) 

6.45 

3.  65 

P25-9 

6(0,  90 

5.01* 

6.  29* 

0.  06* 

0.  05* 

P25-2 

5(0,90) 

8.  76 

2.  89 

0.  11 

0.  04 

P25-3 

4(0,90,  90,0) 

— 

2.  20 

P25-10 

3(0,90,0) 

10.  41 

1.  64 

P25-7 

2(0,90) 

3.02  * 

_ * 

P40-1 

9(0) 

24.  8 

1.  03 

0.  29 

P40-14 

6(±  10,  +45,  ±10) 

17.  3 

1.  20 

0.8 

0.  07 

P40-6 

4(10,-10,-10,  10)  19.  0 

1.25 

0.76 

0.019 

P40-12 

4(90.0,0.90) 

4.17 

17.3 

0.01 

0.  062 

P40-16 

4(90, +10.  90) 

3.  12 

16.7 

0.03 

0.  098 

P40-10 

4(45,-45,-45,45)  2.06* 

---* 

*  Values  at  0*  and  90*  should  be  equal  by  symmetry. 

Results  from  Compression  Tests.  Values  of  the  zero-stress-level 
Young's  modulus,  obtained  from  static  compression  tests,  are  given  in 
Table  XLII.  These  data  are  based  on  strains  measured  with  a  compressom- 
eter.  Comparison  of  the  values  in  Table  XLII  with  those  in  Figures  96,  97, 
and  99  shows  approximately  15  percent  deviation  between  the  compression 
values  and  the  average  tensile  and  sonic  values.  However,  there  is  no 
indication  that  the  initial  modulus  values  in  tension  and  compression  are 
different. 

2.  Normalized  Membrane  Young's  Moduli 

In  this  section,  the  measured  Young's  modulus  values  are  nor¬ 
malized  to  a  standard  fiber  volume  fraction  and  fiber  modulus,  and  these 
normalized  values  for  the  various  cross-plied  plates  are  compared.  An 
elementary  discussion,  based  on  the  rule  of  mixtures,  described  the  ex¬ 
tent  to  which  the  theoretical  composite  properties  have  been  attained. 
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TABLE  XLI.I 


MEMBRANE  YOUNG'S  MODULUS  FROM  COMPRESSION 
TESTS  FOR  "THORNEL"  25/ERL  2256  PLATES 


Plate 

Number 

Specimen 
Plies  &  Orientation 

Lay-Up  Degrees 

Young's 
Modulus 
106lb/in.  2 

P25-4 

9(0)  0 

10.4 

45 

1.  31 

90 

1.03 

P25-1 

9(0,90)  0 

5.  84 

10 

4.  38 

20 

2.  35 

45 

1.  26 

90 

4.04 

P25-3 

4(0,90,90,0)  0 

5.29 

A  dimensionless  modulus  normalization  factor  Ng  is  defined  for 
each  plate  by: 


nE  =  vfsEfs/vfEf  (VIB-19) 

in  which  vj  and  Er  are  the  actual  fiber  volume  fraction  and  fiber  modulus 
for  each  plate  and  vfg  and  Ffs  specify  corresponding  quantities  for  a 
standard  plate.  We  have  chosen: 

v,  =  0.  50  and  E,  -  25  x  10*  lb/in.2  (VIB-20) 
fs  fs 

for  the  "Thornel"  25  series  plates  and: 

vf  -  0.  65  and  Ef  =  40  x  10*  lb/in.  2  (VIB-21) 

f  s  fs 

for  the  "Thornel"  40  series  plates. 

The  principal  plate  extensional  moduli  Ei  and  have  been 
averaged  to  eliminate  the  effects  on  the  moduli  due  to  the  number  of  plies 
in  each  plate.  Table  XLIII  gives  the  modulus  normalization  factor  NE, 
the  average  modulus  (Ei  +  EzJ/2,  and  the  normalized  average 
N^E,  +  Ez)IZ. 
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TABLE  XLIII 


MODULUS  NORMALIZATION  FACTOR,  AVERAGE  EXTENSIONAL 
YOUNG'S  MODULUS,  AND  NORMALIZED  AVERAGE 
EXTENSIONAL  YOUNG'S  MODULUS  FOR  "THORNEL" 
FIBER/ ERL  2256  PLATES 


Plate 

Number 

Plies  8t 

Lay-Up 

Modulus  Normalization 
Factor  Ng 

(Ej  +  E2)/2 
10Mb/in.  2 

NE(E,  +  Ez)/2 
10*Ib/in.* 

P25-4 

9(0) 

1.  00 

6.  06 

6.  06 

PZ5-5 

2(0) 

1.43 

— 

— 

P25-1 

9(0,  90) 

1.  14 

4.  97 

5.66 

P25-14 

9(0,90) 

1.  06 

5.  79 

6.  13 

P25-9 

6(0,  90) 

1.  00 

5.84 

5.84 

P25-2 

5(0,90) 

1.  16 

4.  79 

5.  56 

P25  3 

4(0,90,90,  0) 

0.  98 

5.68 

5.57 

P25-10 

3(0,  90) 

1.  05 

5.  85 

6.  14 

PZ5-7 

2(0,90) 

1.  19 

4.8 

5.7 

Average  for  plates  P25- 

1,  14,  9,  2,  3,  10,  7 

5.  39 

5.  80 

P25-8 

4(0,-45.90,45) 

1.02 

... 

... 

P25-6 

3(0,  -60,  60) 

1.  05 

— 

— 

P40-1 

9(0) 

.97 

12.77 

12.  39 

P40-14 

6(+10,  +45, +10) 

1.  15 

8.  14 

9.  36 

P40-5 

4(10,-10,  -10,  10) 

.95 

11.  32 

10.75 

P40-12 

4(90,0,0  90) 

1.  02 

11.90 

12.  13 

P40-16 

4(90, +  10,  90) 

1.  13 

10.  22 

11.  54 

Average  for  plates  P40- 

14,  5,  12,  16 

10.40 

10.  95 

For  the  unidirectional  plate  with  standard  properties,  the  rule  of 
mixture  gives,  for  Em  =  0.  6  x  10*  lb/in.2, 

E.unid.  =  v£sE£b  +  (1  -  v£s)Em  (VIB-22) 

=  12.  8  x  lo‘lb/in.2  (VIB-23) 

for  the  "Thornel"  25  series  and 

Ei unid.  =  26.  2  x  l0*lb/in.2  (VIB-24) 
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for  the  "Thornel"  40  series.  For  plate  P25-4,  the  measured  value  of  NgE 
is  11.4  x  106 lb/in.2;  this  value  is  89  percent  of  the  predicted  rule-of-mixtures 
value.  For  plate  P40-1,  the  measured  value  of  NgEi  is  23.0  x  10  lb/in.  or 
91  percent  of  the  theoretical  modulus. 

For  the  standard  cross-plied  (0° ,  90°  )  plates,  the  rule-of-mixtures 
values  for  the  average  modulus  are: 

( Ei  +  Ez)/2  -  ( Ei  unid,  +  EZunid-  )/ 2  ( VIB-25) 

6.9  x  106lb/in.2  (VIB-26) 


for  the  "Thornel"  25  composites  and 


(Ei  +  E2)/2  =  13.6  x  106  lb/in. 


( VIB-27) 


for  the  "Thornel"  40  composites.  These  estimates  are  based  on  a  value  of 
F  -j  of  1  0  x  I06lb/in.2.  For  the  seven  "Thornel"  25  cross-plie:  plates, 
th*e Average  "of  the  measured  values  of  N^E,  +E,)/2  is  S.80  x  lo‘lb/in.‘, 
a  value  which  is  84  percent  of  the  predicted  6.  9  x  10‘lb/in.‘.  For  the  one 
"Thornel"  40  cross-plied  plate,  the  measured  value  of  Ne(Ei  +  E2)/£  is 
12.  13  x  I06lb/in.2  or  89  percent  of  the  predicted  value. 

The  reasons  for  the  lower  measured  values  can  only  be  suggested. 
The  twist  of  the  fibers  within  a  yarn  strand  and  misalignment  of  yarn 
strands  within  a  plate  both  contribute  to  fiber  misalignment,  a  condition 
that  reduces  the  modulus.  Imperfect  fiber-matrix  adhesion  would  lower  the 
modulus  as  well  as  the  strength.  For  the  cross-plied  plates,  the  waviness 
in  the  plies  discussed  in  Section  V  E  4,  causes  fiber  misalignment;  in 
addition,  vertical  cracks  in  the  transverse  layers  may  reduce  the  effective 
value  of  E,  in  these  plies.  These  two  factors  could  account  for  the 

slightly  greater  loss  in  fiber  efficiency  for  the  cross-plied  plates  than  t  a 
for  the  unidirectional  plates. 

3.  Poisson's  Ratios  and  Shear  Modulus- Membrane  and  Bending 

The  procedures  used  to  analyze  the  tensile  bar  data  to  obtain  the 
principal  membrane  Poisson's  ratio  and  in-plane  shear  modulus  are  dis¬ 
cussed  in  the  introduction  to  this  section,  and  the  average  expenmenta 
values  of  vl2  and  G  are  given  in  Tables  XXXIX  and  XL  for  the  various 
"Thornel"  25  and  40  composite  plates.  Equations  VIB  5  throug 
give  the  variation  of  Poisson's  ratio  and  the  shear  modulus  versus  the 
angle  0  of  the  test  specimen  or,  equivalently,  the  variation  in  vi2  (0)  an 
G'(0)  as  the  coordinate  system  is  rotated  through  an  angle  0  in  the  plane 

of  the  plate. 

Figures  108  through  119  show  the  experimental  values  of  Poisson's 
ratio  for  plates  numbered  P25-4,  1,  2,  3,  10,  8,  and  6  and  P  -  .  >  > 

5,  6,  10,  12,  and  16;  the  solid  curves  give  the  calculated  values  ot 
Poisson  ’s  ratio  vi2'(0)  based  on  the  data  of  Tables  XXXIX  and  XL. 
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'igure  108.  Poisson's  Ratio  and  Shear  Modulus  Figure  109.  Poisson's  Ratio  and  Shear  Modulus 
Versus  Angle  of  Test  Specimen  for  "Thornel"  Versus  Angle  of  Test  Specimen  for  "Thornel" 

25/ERL  2256  Plate  P25-4.  See  Figure  95  25/ERL  2256  Plate  P25-1.  See  Figure  95 

for  Explanation  of  Symbols.  for  Explanation  of  Symbols. 
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Figure  116.  Poisson's  Ratio  and  Shear  Modulus  Figure  117.  Poisson's  Ratio  and  Shear 
Versus  Angle  of  Test  Specimen  for  "Thornel"  Modulus  Versus  Angle  of  Test  Specimen 

40/ERL  2256  Plate  P40-14.  See  Figure  95  for  for  "Thornel"  40/ERL  2256  Plates  P40-5, 6 
Explanation  of  Symbols.  See  Figure  95  for  Explanation  of  Symbols. 
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Figure  118.  Poisson's  Ratio  and  Shear  Modulus  Figure  119.  Poisson's  Ratio  and  Shear 
Versus  Angle  of  Test  Specimens  for  "Thornel"  Modulus  Versus  Angle  of  Test  Specimen 

40/ERL  2256  Plates  P10 -10  ,  12.  See  Figure  95  for  "Thornel"  40/ERL  2256  Plate  P40-16 

for  Explanation  of  Symbols.  See  Figure  95  for  Explanation  of  Symbols 


Usually,  .he  experimental  and  calculated  values  are  in  reasonable  agreement, 
but  occasionally  an  experimental  point  will  deviate  by  a  factor  of  2.  The 
value  of  6  -  45  for  a  (0°»9C°)  plate  is  of  interest,  since  this  value  would  also 
be  obtained  at  9  -  0  for  a  (±45°)  plate.  The  low  Poisson's  ratio  at  Q  -  0® 
and  the  high  value  a t  6  =  45°  suggest  that  difficulties  in  bonding  metal 
attachments  for  these  orientations  may  be  present.  The  maximum  at  approxi¬ 
mately  17°  in  the  Poisson's  ratio  curve  for  the  unidirectional  "Thornel"  25 
composite  (Figure  108)  does  not  occur  in  the  curve  for  the  more  strongly 
anisotropic  unidirectional  "Thornel"  40  composite  (Figure  115).  For  the 
4(10  »-10°,  -10°,  10°)  and  6  (±10°  ,  ±45° ,  ±10° )  lay-ups  of  the  "Thornel"  40 
composites  (Figures  116  and  117),  the  predicted  Poisson's  ratios  are  nega¬ 
tive  at  test  angles  near  45°;  the  measured  value  at  45°  was  negative  for  the 
4(10°  ,  -10°  ,  -10°  ,  10°  )  plate  but  was  slightly  positive  for  the  6(±10°  ,  ±45°  ,  ±10°  ) 
plate. 


The  values  of  Poisson's  ratios  measured  in  the  bend  test  are  given 
in  Table  XLI.  By  definition,  the  Poisson's  ratio  in  bending  is  the  negative 
of  the  ratio  of  the  transverse  curvature  to  the  longitudinal  curvature  (the 
curvatures  are  normally  of  opposite  sign).  Under  the  condition  that  plane 
sections  remain  plane  for  a  constant  bending  moment,  the  Poisson's  ratio  in 
bending  is  given  by 


-(e  -  e  )  in  trans.  dir.  j, 

„  (  b)  =  - -r -  (  VIB-28  ) 

J  (e  t  -  e  c  )  in  long.  dir.  i 

where  Et  and  ec  are  the  strains  on  the  tensile  and  compressive  stress  sides 
of  the  bar,  respectively  ( contractive  strains  are  negative  numbers). 

Usually,  the  bar  was  turned  over  and  remeasured  in  which  case  the  Young's 
modulus  values  always  agreed  to  within  10  percent.  In  some  cases,  the 
Poisson's  ratio  values  deviated  by  more  than  10  percent,  indicative  of  non¬ 
homogeneity  in  the  specimen.  The  data  in  Table  XLI  are  only  representative 
values;  more  specimens  would  have  to  be  tested  to  obtain  reliable  averages. 

In  some  cases,  the  Poisson's  ratios  under  membrane  and  bendirg 
loads  are  predicted  to  be  different,  and  the  experimental  results  confirm 
this  difference.  A  more  detailed  comparison  of  the  membrane  and  bending 
values  is  given  in  Section  VIIIB., 

The  dotted  curves  in  Figures  108  through  119  give  the  calcula¬ 
ted  values  of  the  in-plane  shear  modulus  G'(0)  based  on  the  data  of 
Tables  XXXIX  and  XL.  For  the  (0,90)  degree  plates,  the  shear  modu¬ 
lus  at  0  =  45°  is  approximately  5  times  larger  than  the  value  at  0  =  0° 
or  90°,  br.t  the  45°  orientation  has  the  lowest  Young's  modulus.  For 
the  "Thornel"  40  composites,  the  shear  modulus  curve  at  45°  test  angle 
has  a  maximum  for  the  unidirectional  composite  (Figure  115)  and  a 
minimum  for  the  4(10°,  -10°,  -10°,  10°)  lay-up  (Figure  117);  therefore, 
there  is  a  (±o)  lay-up  for  0°<a<l0o  for  which  the  shear  modulus  is 
essentially  constant  for  all  test  tingles  0. 
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C.  Composite  Stress-Strain  Curves 

(O.  L.  Blakslee,  Union  Carbide  Corporation) 

The  tensile  stress- strain  curves  for  both  longitudinal  and  trans¬ 
verse  strain  are  given  in  Figures  120  through  131  for  plates  numbered 
P25-4,  1,  2,  3,  10,  8,  and  6  and  P40-1,  9,  14,  5,  6,  10,  12,  and  16. 

The  tangent  modulus  for  the  longitudinal  strain  curve  was  either  constant  or 
increased  slightly  to  a  load  of  approximately  90  percent  of  ultimate  for 
unidirectional  and  cross-plied  composites  tested  in  the  direction  of  the 
fibers.  Often  in  these  and  other  cases,  the  curve  "hooked-over"  from  90 
percent  of  ultimate  to  failure  (see,  for  example,  the  0°  test  angle  curve  in 
Figure  129).  The  tangent  modulus  usually  decreased  slightly  for  uni¬ 
directional  composites  tested  off-axis;  but  no  evidence  of  resin  crazing  or 
permanent  damage  was  present  if  the  "hook-over"  did  not  occur.  The 
stress-strain  curves  were  significantly  nonlinear  for  multidirectional 
composites  with  many  or  all  of  the  fibers  at  a  large  angle  to  the  test 
direction.  If  the  tangert  modulus  became  small,  the  fracture  strain  tended 
to  vary  widely  from  a  few  tenths  to  several  percent.  The  transverse 
strain  curves  were  complicated  in  shape,  but  the  pattern  was  usually 
similar  from  plate  to  plate.  One  exception  was  the  transverse  strain 
measured  at  45°  for  the  "Thornel"  40 -4(  10° ,  -10°,  -10°,  10°  )  plate 
(Figure  129);  this  curve  is  almost  linear  and  has  a  positive  slo'pe,  yielding 
the  negative  Poisson's  ratio  reported  earlier.  The  ERL  2256/MPDA  resin 
system  has  a  relatively  large  fracture  elongation;  and,  correspondingly, 
the  composite  tensile  specimens  showed  little  resin  crazing. 


-0.3  -0.2  -0.  1  0.0  0.2  0.4  0.6  0.8 


Transverse  Strain  (percent)  Longitudinal  Strain  (percent) 
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Figure  120.  Tensile  Stress-Strain  Curves  for  "Thornel"  25/ERL 
2256  Plate  P25-4.  Angles  Give  Test  Specimen  Orientation. 
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Figure  121.  Tensile  Stres-  Strain  Curves  for  "Thornel"  25/ERL 
2256  Flate  P25-1.  Angles  Give  Test  Specimen  Orientation. 


N-10699 

Figure  122.  Tensile  Stress-Strain  Curves  for  "Thornel"  25 /ERL 
2256  Plate  P25-2.  Angles  Give  Test  Specimen  Orientation. 
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Transverse  Strain  (percent)  Longitudinal  Strain  (percent) 
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Figure  123.  Tensile  Stress-Strain  Curves  for  "Thornel"  25/ERL 
2256  Plate  P25-3.  AngLes  Give  Test  Specimen  Orientation. 


2256  Plate  P25-10.  Angles  Give  Test  Specimen  Orientation. 
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Figure  125.  Tensile  Stress-Strain  Curves  for  "Thornel"  25/ERL 
2256  Plate  P25-8.  Angles  Give  Test  Specimen  Orientation. 
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Figure  126.  Tensile  Stress-Strain  Curves  for  "Thornel"  25/ERI 
2256  Plate  P25-6.  Angles  Give  Test  Specimen  Orientation. 
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Figure  127.  Tensile  Stress-Strain  Curves  for  "Thornel"  40/ERL. 
2256  Plates  P40-1.9.  Angles  Give  Test  Specimen  Orientation. 
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Figure  128.  Tensile  Stress-Strain  Curves  for  "Thornel"  40/ERL 
2256  Plate  P40-14.  Angles  Give  Test  Specimen  Orientation. 
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Figure  130.  Tensile  Stress-Strain  Curves  for  "Thornel"  40/ERL 
2256  Plates  P40-10,  12.  Angles  Give  Test  Specimen  Orientation. 
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Figure  131.  Tensile  Stress-Strain  Curves  for  "Thornel"  40/ERL 
2256  Plate  P40-16.  Angles  Give  Test  Specimen  Orientation. 


The  compressive  stress-strain  curves  were  qualitatively  similar 
to  the  tensile  stress-strain  curves.  The  only  significant  difference  is  that 
the  compressive  stress-strain  curves  for  the  45°  and  90°  specimens  from 
the  unidirectional  plate  number  P25-4  went  to  much  higher  stress  levels. 
The  compressive  stress-strain  curves  for  plate  P25-4  are  shown  in 
Figure  132. 

D.  Composite  Strengths 

(O.  L.  Blakslee  and  T.  Weng,  Union  Carbide) 

For  both  "Thornel"  25  and  40  composites,  tensile,  compressive, 
and  short-beam  shear  strengths  have  been  measured  on  flat  specimens;  hoop 
tensile  and  torsion  strengths  have  been  measured  on  hoop-wound  cylinders. 
In  Section  VID-1,  tensile  strengths  are  given  for  the  specimens  for  which 
moduli  data  were  reported  in  Section  VIB.  Selected  data  were  normalized 
to  a  common  value  of  fiber  modulus  and  fiber  volume  content  so  that  results 
from  different  plates  could  be  compared  and  evaluated  with  respect  to 
strengths  predicted  from  constituent. properties  by  the  rule-of-mixtures. 
These  results  are  given  in  Section  VID-2.  The  compressive  strengths  are 
discussed  in  Section  VID-3  and  shear  strengths  are  reported  in  Section 
VID-4.  Results  from  hoop  tensile  stress  tests  of  thin-walled  cylinders  are 
given  in  Section  VID-5;  torsion  tests  on  cylinders  provide  another  measure 
of  the  shear  strength  (Section  VID-6). 
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N-10700 

Figure  132.  Compressive  Stress-Strain  Curves  for  "Thornel"  25/ERL 
2256  Plate  P25-4  Angles  Give  Test  Specimen  Orientation. 


Average  strength  data  for  all  types  of  tests  are  given  in  Table  XLIV 
for  selected  lay-up  patterns  of  interest  in  the  fuselage  design  studies.  The 
methods  used  to  predict  multidirectional  composite  tensile  strengths  from 
unidirectional  composite  strengths  are  described  in  Section  VIII  C  and  D. 

A  more  detailed  discussion  is  given  in  Section  VIII  D. 

1.  Measured  Tensile  Strengths 

Since  the  width  of  the  gauge  section  of  the  tensile  dog-bone  was 
only  0.  25  inch,  the  tensile  strengths  reported  here  are  often  referred  to 
as  narrow-specimen  tensile  strengths.  These  results  are  considered 
to  be  applicable  for  the  design  of  long,  thin  stringers  and  rings  to  be 
used  as  stiffeners  for  a  thin  skin.  Wide-specimen  tensile  strengths  are 
required  to  understand  the  behavior  of  the  skin  material.  Preliminary 
work  on  wide-specimen  testing  is  reported  in  Section  VII  B  2. 

Tensile  strengths  are  shown  in  Figures  133  through  139  of  the 
specimens  used  to  obtain  the  moduli  data  in  Section  VI  B.  The  curves  in 
the  figures  are  intended  to  show  general  trends  and  are  not  predicted 
analytically.  The  tensile  strength  of  the  90°  specimens  from  the 
unidirectional  plates  was  only  570  and  465  lb/in.2  for  the  plates  P25-4  and 
P40-1,  respectively.  The  specimens  were  either  damaged  in  preparation 
or  other  difficulties  were  encountered  in  testing,  because  flexural  tests 
on  90°  specimens  from  plate  P40-1  have  given  strengths  of  2,9001b/in.  . 
The  transverse  tensile  strength  of  the  unidirectional  composites  is 
estimated  to  be  at  least  2,000  lb/in.2. 
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Figure  133.  Tensile  Strength  Versus  Angle  of  Test  Specimen  for 
"Thornel"  25/ERL  2256  Plates  P25-4.-5. 


Figure  134.  Tensile  Strength  Versus  Angle  of  Test  Specimen  for 
"Thornel"  25/ERL  2256  Plates  P25- 1 , -9, -2. 


■  Plate  P25-8  4(  0,  -45,  90,  45) 
□  Plate  P25-6  3(0, -60,  60)  ' 


♦  Plate 
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N-17232 

Figure  139.  Tensile  Strength  Versus  Angle  of  Test  Specimen  for 
"Thornel"  40/ERL  2256Plates  P40-10,  12,  and  16. 


The  failure  surfaces  of  the  0°  specimens  of  the  unidirectional 
composites  were  ragged  with  massive  longitudinal  splintering.  The  10®, 
20°,  and  45°  specimens  failed  in  the  gauge  section  by  shear  parallel  to  the 
fibers.  The  90°  specimens  failed  in  the  transition  region. 

The  failure  surface  was  perpendicular  to  the  specimen  axis  for  the 
various  (0°  ,  90®  )  lay-ups  and  the  (90° ,  ±1 0° ,  90' )  lay-up.  The  0°  and  90® 
specimens  broke  at  the  beginning  of  the  transition  from  the  gauge  section  to 
the  shank.  The  10®,20®,  and  45®  specimens  failed  in  the  gauge  section; 
the  tendency  was  for  each  individual  ply  tc  fail  by  shear  parallel  to  the 
fibers  in  that  ply  and  for  neighboring  plies  to  separate  by  interlaminar 
shear,  resulting  in  a  saw-toothed  fracture  surface  that  changed  direction 
by  90®  with  each  ply. 

For  the  (0® -60®,  60®  ),  (0®, -45®,  90®,  45®  ),  and  ( lO®, -10®, -10®,  Id®  ) 
lay-ups,  the  fracture  surfaces  were  like  those  for  the(l0®,  20®,  and  45°) 
specimens  from  the  ^0®,90°)  degree  lay-ups.  When  the  specimen's  axis  was 
parallel  to  the  fiber  direction  in  one  of  the  plies,  approximately  one-half 
of  the  breaks  occurred  at  the  beginning  of  the  transition  section. 
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Normalized  Tensile  Strengths 


As  in  the  treatment  of  the  Young's  moduli,  a  scaling  factor  is  used 
to  account  for  the  major  part  of  the  differences  between  strengths  of  various 
plates  due  to  variation  in  constituent  properties  and  fiber  loading.  A  dimen¬ 
sionless  strength  normalization  factor  N^  is  defined  for  each  plate  by 


N  =  vf  o-,  /v.<rf, 
o-  fs  fs  f  f 


( VID-1 ) 


in  which  Vf  and  <r f  are  the  actual  fiber  volume  fraction  and  fiber  tensile 
strength  for  each  plate  and  vfs  and  <Tfs  specify  corresponding  quantities  for 
a  standard  plate.  We  have  chosen 


v,  =  0.  50  and  <r  =:  180,  000  lb/in.  2 
fs  fs 


for  the  "Thornel"  25  plates  and 


v,  =  0.  65  and  <r.  =  250,  000  lb/in.  2 
fs  fs 


(VID-2) 


(VID-3) 


for  the  "Thornel"  40  plates. 


The  principal  ultimate  tensile  strengths  a^i  and  (rut2  have  been 
averaged  to  eliminate  the  major  effects  on  the  strengths  due  to  the  number 
of  plies  in  each  plate.  The  strength  normalization  factor  Ng-,  the  average 
ultimate  tensile  strength  (<rutl  +  c  1 2 )/2,  and  the  normalized  strength 
JWo-uti  +  °ut2^2  are  given  Table  XLV. 

For  the  unidirectional  plate  with  standard  properties,  the  ultimate 
tensile  strength  in  the  fiber  direction,  as  given  by  the  rule-of-mixtures,  is 

"uti’unid.  =  1^.  +(1  -  v,.)EL./E,.K.  ( VID-4) 


fs'  m  fsJ  fs 


=  92,  200  Ib/in.  2 


(VID-5) 


for  the  "Thornel"  25  composites  and 


=  163,  800  lb/in.2 


u  .  ,  =  ioj,  ouuin/in.'  (VID-6) 

ut*  unid.  ' 

for  the  "Thornel"  40  composites;  a  value  of  0.  6  x  106 lb/in. 2  was  used  for 
the  matrix  modulus  E  .  For  plate  P25-4,  the  average  measured  value 
No-  <ruti  for  the  two  specimens  tested  is  95,  100  lb /in.2.  In  view  of  the 
modulus  results  and  the  known  fiber  misalignment  in  the  plate,  the  meas¬ 
ured  strength  was  expected  to  be  less  than  the  theoretical  value.  The  fact 
that  it  is  not  may  be  due  to  statistical  fluctuation  for  that  plate  or  may 
indicate  that  the  effective  strength  of  the  fibers  in  the  composite  is  greater 
than  that  measured  on  free  fibers  at  a  one-inch  gauge  length.  The  meas¬ 
ured  value  of  Np.  <r  i  for  plate  P40-1  is  130,  000  lb/in.2,  which  is  only  80 
percent  of  the  predicted  value. 

For  the  (0°  ,  90°  )  plates,  it  is  assumed  that,  at  fracture,  theplies 
transverse  to  the  applied  load  are  contributing  essentially  nothing  to  the 
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TABLE  XLV 


STRENGTH  NORMALIZATION  FACTOR,  AVERAGE  ULTIMATE 
TENSILE  STRENGTH,  AND  NORMALIZED  AVERAGE  ULTIMATE 
TENSILE  STRENGTH  FOR  "THORNEL"  FIBER/ ERL  2256  PLATES 


Plate 

Number 

Plies  It 
Lay-up 

Strength  Normalization 

Factor  N  _ 

<r 

(s  .  +  a  )/2 

uti  ut* 

10J lb/in.* 

N  (a  +  v  )/ 2 

a  utt  utz' 

101 lb/in.* 

P25-4 

9(0) 

1.03 

46.2 

47.6 

P25-5 

2(0) 

1.45 

• 

* 

P25-1 

9(0,  90) 

1.  13 

35.8 

40.5 

P25-9 

6(0,  90) 

1. 03 

41.2 

P25-2 

5(0,  90) 

1.  15 

30.2 

34.  7 

P25-3 

4(0,  90,  90,  0) 

0.97 

41.0 

39.8 

P25-10 

3(0,  90) 

1.09 

40.2 

43.8 

P25-7 

2(0,  90) 

1.  20 

32.3 

38.  8 

Average  for  Plates  P25-1,  9,  2,  3, 

10,  7  38.0 

40.9 

P25-8 

4(0,  -45.  90.  45) 

1.03 

- 

- 

P25-6 

3(0,  -60,  60) 

1.09 

* 

P40-1 

9(0) 

.93 

70.  5 

65.6 

P40-14 

6(±10,  ±45.  ±10) 

1.  13 

30.  5 

34.  5 

P40-5 

4(10,  -10,-10,  10) 

.92 

34.  0 

31. 3 

P40-12 

4(90.  0,  0,  90) 

.98 

62.0 

60.7 

P40-16 

4(90,  ±10,  90) 

1.11 

46.  0 

51*  1 

strength  of  0°  and  90°  tensile  specimens.  The  theoretical  average  strergth 
of  the  standard  (0°,  90°  )  plate  is  then  just  one-half  of  the  unidirectional 
strength,  or  46,  100  lb/in.  2  for  the  "Thornel"  25  plates  and  81,900  lb/in. 
for  the  "Thornel"  40  plates.  For  the  six  cross-plied  "Thornel"  25  plates, 
the  measured  average  value  of  Ng-tir^i  +  ^utz)^  is  40,900  lb/in.2,  or  89 
percent  of  46,  100  lb/in.2.  The  only  cross-plied  "Thornel"  40  plate  is 
P40-12  for  which  the  measured  value  of  N(J-(<J'u^i  +  o'ut z)/2  is  50.  7,  or 
74  percent  of  81,900  lb/in.  2.  At  first,  it  was  thought  that  the  greater 
difficulty  experienced  in  testing  the  unidirectional  "Thornel"  40  composite 
might  account  for  its  lower  percent  of  theoretical  strength  compared  with 
that  for  the  "Thornel"  25  composite.  However,  the  fact  that  the  percent  of 
theoretical  strength  is  also  lower  for  the  cross-plied  "Thornel"  40  com¬ 
posite  (where  no  testing  difficulty  was  noted)  suggests  that  possibly  the 
full  potential  of  the  higher  modulus  "Thornel"  40  fibers  is  not  being 
utilized.  The  lower  resin  content  of  the  "Thornel"  40  composites  may 
also  be  a  contributing  factor.  These  questions  are  being  investigated 
further. 

The  trend  of  the  normalized  ultimate  tensile  strengths  in  the 
0°  and  90°  directions  with  number  of  plies  is  shown  in  Figure  140  for  the 
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Tensile  Strength  ( 1 03  lb/ in.  2) 
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0  2  4  6  8  10 

Number  of  Plies 

N- 177  58 

Figure  140.  Normalized  Ultimate  Tensile  Strengths  Versus  Number 
of  Plies  for  Cross-Plied  "Thornel"  25/ERL  2256  Plates. 

cross-plied  "Thornel"  25  plates.  The  curves  for  the  strength  of  plates 
with  an  odd  number  of  plies  were  computed  from 


a-uti  =  k 


n  +  1 


o’uti » unid. 


,  n  -  1  „ 

trutz  =  k  auti »  unid. 


( VID-7) 


( VID-8) 


in  which  the  value  of  o'uti  »unid.  is  8iven  bY  Equation  VID-5  and  tne  value  of 
0.  89  for  k  was  selected  to  convert  from  theoretical  to  average  measured 
values.  The  deviation  of  the  point  from  the  average  indicates  the  extent  of 
the  scatter  in  the  data  for  the  plates  with  2,  4  and  6  plies.  The  experimental 


points  follow  the  trend  of  the  theoretical  curves  for  plates  with  1,  3,  5,  and 
9  plies  (the  9-ply  0°  plate  was  used  in  lieu  of  a  one-ply  plate). 

One  of  the  important  objectives  of  studying  plates  with  various  num¬ 
bers  of  plies  was  to  see  if  there  was  a  degradation  of  properties  as  the  num¬ 
ber  of  plies  decreased.  No  degradation  in  the  strength  is  evident  as  the 
number  of  plies  decreased  from  9  to  2. 

3.  Compressive  Strengths 

The  strengths  reported  here  should  be  classified  as  narrow- 
specimen  compressive  strengths,  since  the  gauge  section  was  only  0.  375 
inch  wide.  Table  XLVI  summarizes  the  compression  failure  data.  All  the 
data  are  averages  for  2  to  4  specimens  except  that  only  single  measure¬ 
ments  were  made  for  the  10,  20,  and  45  degree  specimens  from  plate  P25-1. 
The  compressive  strength  is  usually  less  than  the  tensile  strength  when  a 
large  number  of  the  fibers  lie  in  or  near  the  test  direction  and  is  always 
greater  than  the  tensile  strength  when  most  of  the  fibers  lie  at  a  large 
angle  with  respect  to  the  test  direction.  That  is,  if  the  mode  of  failure  of 
the  tensile  specimen  is  primarily  shear  between  fibers,  the  compressive 
strength  for  a  similar  specimen  will  be  greater  than  the  tensile  strength. 

The  45°  specimen  from  plate  P25-1  did  not  break;  at  6  percent 
deformation,  the  platens  hit  the  fixture.  The  strength  value  is  considered 
accurate  because  there  was  no  significant  increase  in  load  after  2  percent 
strain.  Two  0°  specimens  from  plate  P25-3  failed  by  brooming  at  the 
ends.  All  other  specimens  failed  in  the  gauge  section.  The  0°  specimen 
from  the  unidirectional  plates  failed  by  local  crushing  across  a  surface 
roughly  perpendicular  to  the  load  axis.  The  remaining  specimens  failed 
by  shear  across  a  plane,  intersecting  the  edge  of  the  specimen  at  45 
degrees  and  intersecting  each  ply  either  parallel  or  perpendicular  to  the 
fibers. 

4.  Short-Beam  Shear  Strengths 

Over  50  shear  strength  measurements  were  made  by  the  flexure 
of  a  short  beam  in  three  point  loading  in  order  to  see  if  there  was  any 
appreciable  dependence  of  shear  strength  on  span-to-depth  or  width-to- 
depth  ratios.  These  measurements  were  made  on  the  central  region  of 
plate  P25-11,  a  9-ply  (0°,90°)  plate  which  had  strong  fiber  wash  around 
the  edges  during  molding. 

The  depth  (thickness)  of  plate  P25-11  was  0.  141  inch,  and  span- 
to-depth  ratios  of  4,  5,  and  6  were  chosen.  Specimen  widths  of  0.  3,  0.4, 
and  0.  5  inch  were  used;  two  to  four  specimens  of  each  type  were  cut  at  0° 
and  90°  orientations  from  the  plate.  The  averages  of  the  test  results  are 
given  in  Table  XLVII.  Significant  trends  are  not  evident,  although  there 
is  a  tendency  for  the  shear  strength  to  decrease  with  increasing  span-to- 
depth  ratio.  This  effect  may  be  due  to  the  decrease  in  compressive 
stress  across  the  shear  plane  as  the  span-to-depth  ratio  is  increased. 
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TABLE  XLVI 


FRACTURE  STRAINS  AND  ULTIMATE  STRENGTH  FROM 
COMPRESSION  TESTS  FOR  "THORNEL"  FIBER/ ERL  2256  PLATES 


"THORNEL" 

25 

"THORNEL" 40 

Plate 

Number 

Pile*  1. 
Lay-Up 

Sped  mar 
Orientation 
degrees 

Fracture 

Strain 

percent 

Ult.  Comp 
Strength 

10*  1  b/ In.  * 

Plate 

Number 

Specimen 
Plies  li  Orientation 

Lay-Up  degrees 

Ult.  Comp. 
Strength 
10*  Ib/ln.  * 

PZ5-4 

910) 

0 

0.  68 

(7 

P40-I 

9(0)  0 

92 

45 

1. 5 

10 

90 

19 

90 

1.9 

21 

P40-9 

7(0)  0 

91 

PZ5-I 

91 0,  90) 

0 

0.49 

26 

P40-I4 

6UI0,  *45,  *10)  0 

48 

10 

0.  46 

19 

90 

16 

20 

2.  5 

15 

P40-S 

4(10,  -10,-10,  10)  0 

54 

45 

>6.  0 

>13 

90 

12 

90 

0.  66 

28 

P40-I2 

4(90,  0,  0,  90)  0 

44 

P25-M 

9(0,  90) 

0 

- 

37 

45 

6 

PZ5-3 

4(0,  90,  90, 

0)  0 

>  0.  75 

>36 

90 

51 

P40-I6 

4(90,  *10.  90)  0 

38 

90 

49 

TABLE  XLVII 

AVERAGE  SHORT-BEAM  SHEAR  STRENGTH  FOR 
"THORNEL"  25/ERL  2256  PLATE  NUMBER  P25-11 


Width  to 
Depth 
Ratio 


TJT 


Span/Depth 
5.  0 


TTTT 


0®  Direction 

2.  1 

2.88 

2.75 

2.  79 

2.8 

3.  04 

2.91 

2.  75 

3.  5 

3.  17 

3.01 

2.  55 

90®  Direction 

2.  1 

2.44 

2.40 

2.26 

2.8 

2.  56 

2.23 

2.27 

3.5 

2.  55 

2.28 

2.  26 

Unit:  103  lb/in.  2 


No  clear  dependence  on  width -to-depth  was  evident.  The  common  span-to- 
depth  ratio  of  5  appears  to  be  satisfactory  for  "Thornel"  fiber  composites. 

A  similar  experiment  was  performed  with  samples  cut  in  the  0° 
direction  from  the  unidirectional  plate  P25-4.  A  constant  span-to-depth 
ratio  of  5.  3  was  used,  but  the  widths  were  0.  12,  0.  3,  and  0.  4  inch  for  a 
depth  of  0.  12  inch.  No  significant  variation  of  shear  strength  with  width-to- 
depth  ratio  was  found,  and  the  average  of  all  specimens  is  given  in 
Table  XLVIII.  An  additional  eight  samples  with  square  cross  section  were 

TABLE  XLVIII 

AVERAGE  SHORT-BEAM  SHEAR  STRENGTH  FOR  "THORNEL" 

FIBER/ERL  2256  PLATES 


Plate 

Number 

Plies  & 

Lay-  Up 

Span  to 
Depth 
Ratio 

Specimen  Orientation 

O'’"  90' - 

Load 

Application 

P25-4 

9(0) 

5.  3 

5.  49 

- 

Edge  of  Plies 

4.  89 

Face  of  Plies 

P25-14 

9(0) 

5.  3 

4.94 

- 

Face  of  Plies 

P25-1 

9(0,90) 

5.  3 

3.  68 

2.  52 

Face  of  Plies 

P25-11 

9(0,90) 

5.  3 

2.86 

2.  36 

Face  of  Plies 

P25-12 

9(0,90) 

5.  3 

3.  55 

- 

Face  of  Plies 

P40-1 

9(0) 

12 

3.68 

- 

Face  of  Plies 

P40-9 

7(0) 

5 

4.  32 

- 

Face  of  Plies 

P40-14 

6(±10,  ±45,  ±10) 

5 

3.  7 

- 

Face  of  Plies 

Unit:  1 0J  lb/in.  * 


tested  on  edge,  i.  e.  ,  the  load  was  applied  to  the  edges  of  the  plies  rather 
than  to  the  plies  which  formed  the  outer  surfaces  of  the  plate;  the  shear 
strength  with  edge  loading  was  approximately  10  percent  higher  than  that 
measured  with  face  loading. 

Short-beam  strengths  for  several  other  "Thornel"  25  and  40 
plates  are  also  given  in  Table  XLVIII.  An  attempt  to  test  the  4-ply 
"Thornel"  40  plates  in  short-beam  shear  was  not  successful.  The  span 
was  0.25  inch,  which  gave  a  span-to-depth  ratio  of  8.  The  measured 
strengths  were  erratic  and  are  not  reported.  The  higher  shear  strength 
of  the  unidirectional  "Thornel"  25  plates  compared  to  that  of  the  cross- 
plied  plates  is  probably  due  to  the  fact  that  the  original  flat  ply  surfaces 
have  been  largely  broken  up  in  the  unidirectional  plates  as  shown  in  the 
optical  micrographs  of  Section  VE-4.  The  shear  strength  of  the 


unidirectional  "Thornel"  40  composites  is  less  than  that  of  the  unidirectional 
"Thornel"  25  composites.  This  result  is  consistent  with  the  work  of  Simon, 
Prosen,  and  Duffy{^1  )  and  is  thought  to  be  due  to  a  change  in  fiber  surface 
properties  with  increasing  fiber  modulus. 

The  tests  were  stopped  when  there  was  a  marked  break  in  the 
load-deflection  curve.  There  was  no  catastrophic  failure,  and  it  was  usually 
very  difficult  to  see  the  place  of  fracture  without  magnification.  Although 
examination  of  the  specimens  has  not  been  completed,  many  of  the  cross - 
plied  samples  that  have  been  analyzed  fractured  near  the  surface  between  two 
plies. 


5.  Hoop  Tensile  Stress  Test  of  Cylinders 

Hoop  tensile  stress  test  fixtures  similar  to  one  reported  in 
Section  VE  of  the  First  Annual  Report^  )  have  been  constructed  for  cylindri¬ 
cal  specimens  with  diameters  of  2  and  4  inches.  The  test  fixtures  can  be 
used  for  specimens  having  lengths  of  C.  5,  1,  2,  and  4  inches  by  interchang¬ 
ing  the  steel  spacers.  With  these  test  fixtures,  the  preliminary  work  con¬ 
ducted  on  the  JT-series  composites  can  be  extended  to  study  the  effects  of 
diameter  and  length  on  the  uniaxial  tensile  strength  of  graphite-fiber,  resin- 
matrix  composite  cylinders. 

During  the  initial  s  tage  of  this  experimental  program,  some  of 
the  specimens  were  not  tested  to  failure  because  of  premature  rupture  of 
the  neoprene  bags.  This  premature  rupture  is  generally  caused  by  the 
large  space  created  between  the  end  plates  of  the  test  fixture  and  the  test 
specimen  due  to  the  axial  contraction  of  the  test  specimen  under  hoop  stress 
and  the  separation  of  the  end  plates  from  the  specimen  by  hydraulic  pres¬ 
sure  in  the  neoprene  bag.  Attempts  to  maintain  a  close  tolerance  between 
the  end  plates  and  the  specimen  by  the  application  of  additional  compressive 
load  on  the  end  plates  during  the  test  were  found  to  be  partially  successful. 
The  premature  rupture  of  the  neoprene  bags  was  eliminated  by  making 
several  modifications  in  the  test  fixtures  and  using  neoprene  bags  having 
more  uniform  thickness  and  higher  strength. 

For  the  hoop-wound  cylinders  used  in  this  study,  the  hoop  stress-strain 
curve  is  linear  up  to  fracture.  The  axial  (transverse  to  the  fiber 
direction)  stress-strain  behavior  is  initially  linearly  elastic;  it  becomes 
gradually  nonlinear  with  increasing  stress;  and,  finally,  it  shows  con¬ 
siderable  plasticity  near  ftacture.  The  summary  of  the  hoop  tensile  stress 
tests  is  given  in  Table  XLIX.  "Thornel"  25  specimens  marked  with{##) 
were  not  tested  to  fracture,  due  to  premature  rupture  of  the  neoprene  bags; 
and,  therefore,  the  values  of  the  hoop  stress  corresponding  to  the  rupture 
of  the  neoprene  bags  are  given,  "Thornel"  25  specimens  marked  with(#) 
were  cylinders  with  a  uniformwall  thickness.  These  specimens  failed 
at  hoop  stresses  lower  than  those  predicted  because  the  fracture  of  these 
specimens  initiated  from  the  edges  of  the  specimens  due  to  severe  end 
effects.  The  configuration  of  the  test  specimen  was  modified  to  have  the 


TABLE  XLIX 


HOOP  TENSILE  STRESS  TEST  RESULTS  ON  HOOP-WOUND  CYLINDERS 
OF  "THORNEL"  FIBER/ ERL  2256  COMPOSITES 


Specimen 

Inside 

Diam. 

(ia) 

Thick¬ 

ness 

(in.) 

Length 

(in.) 

Fiber  Vol. 
Content 
(percent) 

Max 

Hoop 

Stress 

lb/in.2 

Young's 
Modulus 
c  l/8n 

10°  lb/in.2 

Poisson's 
Ratio 
(  v  u  ) 

"Thornel" 

25  /ERL  2256 

1* 

.  885 

.  05 

1.0 

- 

62, 1 00** 

16.  5 

.24 

2* 

.  885 

.  05 

1.0 

- 

91. 600** 

17.  5 

.  17 

3* 

2.  000 

.  04 

1. 0 

- 

57,  000** 

13.2 

.20 

4* 

2.  000 

.  04 

1.0 

58.  4 

49,800 

14.  1 

- 

5* 

2.  000 

.  04 

2.  0 

56.  3 

66,700 

12.  0 

.24 

6 

2.  000 

.  04 

2.  0 

53.  9 

82,800 

13.  3 

.40 

7* 

4.  000 

.  04 

2.  0 

- 

42, 600** 

14.  0 

.27 

"Thornel" 

40/ERL  2256 

1 

2.  000 

.  03 

2.  0 

55.  5 

128,600 

23.  3 

.  30 

2  2.000  .03  2.0  56.5 

*  Specimens  had  uniform  wall  thickness. 
♦♦Specimens  were  not  tested  to  fracture. 

93,600 

19.2 

.20 

curved  exterior  surface  shown  in  Figure  141  in  order  to  eliminate  the 
failure  of  test  specimens  at  the  edges.  The  reduced  section  insures  that 
the  initiation  of  fracture  occurs  in  the  gauge  section.  The  thickness  at 
the  reduced  section  for  the  2-inch  diameter  "Thornel"  25  and  40  compos¬ 
ite  specimens  are,  respectively,  0.  04  and  0.  03  inch.  The  values  of 
Young's  modulus  and  Poisson's  ratio  were  determined  at  the  origin  of  the 
stress- strain  curve,  and  the  fiber  volume  content  was  measured  by  the 
nitric  acid  method. 

"Thornel"  25  specimen  2  was  tested  to  an  internal  pressure  of 
9,  600  lb/in.2  without  catastrophic  failure.  The  hoop  stress  at  the  inside 
surface  of  the  specimen  under  this  pressure  was  91,600  lb/in.2,  supporting 
the  average  tens  ile  strength  value  of  92,  300  lb/in.  2  obtained  for  the  uni¬ 
directional  plate  P2  5-4.  The  lower  values  of  the  fracture  hoop  stress  for 
specimens  4  and  5  were  due  to  edge  failures  caused  by  end  effects.  The 
fracture  hoop  stresses  for  the  "Thornel"  25  specimen  6  and  the  "Thornel"  40 
specimen  1  are  84  and  89  percent,  respectively,  of  the  values  predicted 
by  the  rule-of-mixtures. 

The  fracture  hoop  stress  for  the  "Thornel"  40  specimen  2  is  con¬ 
siderably  lower  than  the  predicted  value;  but  examination  of  the 
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longitudinal  stress-strain  curves  indicates  that  the  specimen  appears  to  be 
damaged  prematurely.  The  values  of  Young's  modulus  agree  within  15 
percent  with  the  predicted  values.  The  scatter  in  the  values  of  Poisson  s 
ratio  may  be  due  to  the  variations  in  the  longitudinal  strain,  which  is  in¬ 
fluenced  strongly  by  the  friction  between  the  neoprene  bag 

specimen  and  by  end  effects.  A  photograph  of  a  fractured  Thornel  40/ ERL 
2256  composite  specimen  in  the  test  fixture  is  s.*own  in  Figure 


6.  Torsion  Tests  of  Cylinders 

Five  hoop-wound  "Thornel"  25  and  40/ ERL  2256  hollow  cylinders 
were  tested  in  torsion  with  the  apparatus  described  in  Section  IIIC.  The 
specimens  had  an  outside  diameter  of  2.  20.  inches,  a  .thick: less  of  0.  1  inch, 
and  a  gauge  length  of  approximately  3.  0  inches.  The  shear  strain  and 
longitudinal  strain  at  the  outside  surface  were  measured,  respectively, 
with  a  pair  of  45°  oriented  rosettes  and  a  pair  of  foil  gages. 


Torque-shear  strain  curves  and  torque-axial  (parallel  to  the 
cylinder  axis)  strain  curves  were  nonlinear,  with  the  exception  of  one  of 
"Thornel"  25  specimen  which  appeared  to  fail  prematurely.  The  specimens 
exhibited  a  small  longitudinal  extension,  and  the  rate  of  the  extension 
increased  rapidly  as  the  specimens  approached  fracture.  Since  the 
material  exhibits  nonlinear  torque-shear  strain  behavior,  nonlinearity 
must  be  taken  into  account  in  the  calculation  of  the  shear  strength. 
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THORNEL  40 

HOOP  WOUND  COMPOSITE 


N-17512 

Figure  142.  Hoop-Wound  "Tbornel  40/ERL  2256  Composite 
Cylinder  Fractured  in  Hoop  Tension. 
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Ellington(32)  extended  Nadai's  graphical  solution  for  plastic  torsion  of  a  cir 
cular  solid  bar  to  a  thin  hollow  cylinder.  The  shear  strengths  were  calcu¬ 
lated  with  (1)  Ellington's  graphical  method,  (2)  a  formula  for  thin  hollow 
cylinders  in  which  shear  stress  is  assumed  to  be  distributed  uniformly 
across  the  thickness,  and  (3)  a  formula  derived  from  linear  elasticity  theory. 
Shear  strengths  determined  by  the  first  two  methods  are  practically  iden¬ 
tical  and  slightly  lower  than  that  calculated  with  the  linear  elasticity 
formula. 


The  results  of  the  torsion  tests  are  given  in  Table  L.  The  shear 
modulus  is  the  slope  at  the  origin  of  the  shear  stress-strain  curve.  The 


TABLE  L 

TORSION  TEST  RESULTS  ON  HOOP-WOUND  HOLLOW 
CYLINDER  OF  "THORNEL"  FIBER/ ERL  2256  COMPOSITES 


Specimen 

Fiber  Vol. 
Content 
(  Percent ) 

Shear 

Modulus 

(  l/s66,  10Hb/in.  *  ) 

Shear 
Strength 
(  lb/in.  2  ) 

Shear 
Strain 
(  Percent) 

Axial 

Strain 

(Percent) 

"Thornel" 

25/ERL  2256 

1 

56 

0.  55 

1390 

0.  26 

X  003 

2 

55 

0.  61 

3280 

0.  74 

0.01  > 

3 

48 

0.  56 

4070 

1. 51 

0.043 

"Thornel" 

40/ERL  2256 

1 

57 

3.  62 

3120 

0.  67 

0.  0 

2 

57 

0.  65 

3310 

0.  69 

0.  014 

shear  strength  given  in  the  table  was  calculated  with  the  thin  hollow 
cylinder  formula.  The  fiber  volume  content  was  determined  by  the  nitric 
acid  method.  The  increase  in  shear  strength  of  the  first  three  "Thornel"  25 
cylinders  is  thought  to  be  due  to  an  increase  in  the  quality  of  the  material 
as  fabrication  experience  was  obtained.  The  4,  070  lb/in.  2  shear  strength 
is  considered  to  be  representative  of  "Thornel"  25  composites.  If  so,  the 
torsion  test  results  indicate  the  composite  shear  strength  decreases  as  the 
fiber  modulus  increases,  as  noted  in  the  discussion  of  the  short-beam 
shear  strengths.  The  short-beam  shear  strengths  listed  in  Table  XLVIII 
are  approximately  800  lb/in.2,  higher  than  the  torsion  test  shear  strengths 
given  in  Table  L.  The  approximate  agreement  between  the  torsion  shear 
strengths  and  the  short-beam  shear  strengths  justify  the  use  of  the  simple 
short-beam  test,  but  further  comparative  work  is  required. 

The  value  of  1  / &  for  the  hoop-wound  "Thornel"  25  cylinder 
number  3  in  to  sion  is  in  fair  agreement  with  the  value  0.  604  x  10 
lb/in.2  (see  Table  XXXIX  of  Section  VIB)  obtained  from  off-axis  tensile 
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tests  of  the  unidirectional  plate  number  P25-4.  The  comparison  of  these 
results  with  ultrasonic  measurements  at  1  mHz  is  of  interest.  The  ultra¬ 
sonic  values  of  the  shear  moduli  of  plate  P25-4  are: 

'  1 / S44  -  0.  39  x  1 06 lb/in. 2 

1/s  5  5=0. 43 

1 /s j  $  *  0. 69 . 

The  fact  that  the  ultrasonic  value  of  1/sj  j  is  higher  than  the  static  values 
correlates  with  similar  results  for  the  pure  resin.  For  the  "Thornel"  40 
composites,  the  torsion  test  results  for  the  shear  modulus  cannot  be 
directly  compared  with  the  values  obtained  by  the  off-axis  tensile  tests  be¬ 
cause  the  fiber  volume  contents  of  the  cylinders  and  plates  are  different; 
the  shear  modulus  is  a  strong  function  of  fiber  volume  content. 

E.  Water  Sensitivity  of  Composite  Properties 
~  (t>.  17.  Blakslee,  Union  Carbide) 

Tests  to  determine  the  sensitivity  of  the  mechanical  properties  of 
"Thorne!  '-fiber,  epoxy-resin  composites  to  high  humidity  environments 
were  made  on  two  "Thornel"  25  and  one  "Thornel"  40  plates:  P25-62,  a 
9 -ply  (0*,  90°  )  plate;  P25-64,  a  9 -ply  (0*  )  plate;  and  P4 0-1,  a9-ply(0°) 
plate.  Half  of  the  specimens  were  boiled  in  water  for  72  hours  prior  to 
testing,  and  the  other  half  were  kept  dry.  The  results  of  the  strength 
measurements  are  summarized  in  Table  LI.  After  the  water  boil  treat¬ 
ment,  the  tensile,  flexural,  and  compressive  strengths  decreased  by 

TABLE  LI 

EFFECT  OF  72  HOUR  WATER  BOIL  ON  STRENGTH 
OF  "THORNEL" -FIBER,  ERL  2256/MPDA  COMPOSITES 


Initial 

Strength  Property  (l0Jlb/in.z) 

Change 
After  Boil 
(percent) 

Initial 

( 1 0J!b/in. z) 

Change 
After  Boil 
(percent) 

Initial 
( 1 0*lb/in.  z) 

Change 
After  Boil 
(f  ercent) 

Tensile 

42.3 

-5 

— 

— 

— 

— 

Flexural  vj 

63.8* 

-11 

— 

— 

— 

— 

Compressive 

37.  3 

-7 

— 

— 

— 

— 

Short-Beam 

Shear  T 

3.  55 

-16 

4.  94 

-17 

3.  68 

-23 

♦Breahing  occurred 

under  load  point. 

■  .. 

— 

fTTHI'H"  SB— B— M 

11  percent  or  lesB.  The  short-beam  shear  strength  decreased  by  17  percent 
for  the  "Thornel"  25  composites  and  by  23  percent  for  the  "Thornel"  40 
composite. 


These  tests  also  showed  that,  after  the  specimens  were  subjected 
to  the  water  boil,  the  thickness  had  increased  1  to  2  percent  and  the  other 
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dimensions  had  decreased  ~0.  1  percent.  Measured  on  a  percentage  basis, 
the  decrease  in  Young's  modulus  was  the  same  as  the  increase  in  thickness 
or  cross-sectional  area.  No  measurable  change  was  found  in  Poisson's 
ratio. 

F.  Composite  Thermal  Properties 

(O.  L .  Blakslee,  Union  Garb  id  e ) 

Preliminary  measurements  have  been  made  of  the  thermal  expan- 
s  ion  and  conductivity  of  "Thornel"  25  and  40  composites  at  or  near  room 
temperature.  Even  though  some  of  the  results  are  accurate  to  only  one 
significant  figure,  the  results  are  included  to  illustrate  the  strong  anisot¬ 
ropy  in  these  properties.  The  specific  heats  of  the  composites  have  been 
calculated  from  the  specific  heats  of  the  constituent  fiber  and  matrix.  The 
thermal  data  are  given  in  Table  LII. 


TABLE  LII 

THERMAL  EXPANSION  AND  CONDUCTIVITY  OF 
"THORNEL"  25  AND  40/ ERL  2256  COMPOSITES 


P25-4  P25-3  P40-1 

Property  9<0”)  4(0”,  90’,  90* ,  0°)  9(0*) 


P40-1Z 

4(90* ,  0*,  0*.  90*) 


Thermal  Conductivity  (at  25*C)  -  cal/sec  cm'C 
K ,  cal  0.029  0.0039 

Kj  8eccm’C  0.0015  0.0015 

*i  Btu  in  84.  11. 

*i  hr  at  rr  -  .  - 

K3  4. 4  4. 4 


0.  13 
0.  0025 
0.  0023 
380. 

7.  3 
6.7 


Coefficient  of  Linear  Expansion  (over  25  to  100’C)  -  10-6/°C 
a,  0. 4  2. 6  -0. 7 

a,  41 .  4.2  29. 


Specific  Heat  (Calculated  at  25” C)  -  cal/g”C  and  Btu/lb*  F 
c„  0.21  0.21  0.19 


Fiber  Volume  Content-percent 

Vf  50.  50.  _ 67. 


0.  0095 

0. 0026 
28. 

7.  5 


-0.  02 
-0.  19 


0.  20 


63. 


Thermal  Conductivity.  The  value  of  the  thermal  conductivity 
parallel  to  the  fibers,  kj ,  measured  on  the  unidirectional  "Thornel"  40 
composite  agrees  with  the  value  calculated  through  the  use  of  the  parallel 
heat  flow  model(33)  and  a  value  of  0.  2  cal/sec.  cm'C  for  the  axial  thermal 
conductivity  of  the  fiber.  The  value  o^  kj  measured  on  the  unidirectional 
"Thornel"  25  composite  is  approximately  1/3  the  predicted  value  ,ased 
on  0.  2  for  the  fiber  conductivity.  The  axial  thermal  conductivity  of  the 
"Thornel"  25  fiber  is  not  expected  to  be  sufficiently  less  than  that  of  the 
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"Thornel"  40  fiber  to  account  for  the  discrepancy  between  the  measured  and 
predicted  composite  values.  As  expected,  the  measured  thermal  conductivi 
ty  in  the  direction  perpendicular  to  the  laminate,  k3,  is  approximately  the 
same  for  both  unidirectional  and  cross-plied  composites  of  equal  fiber 
volume.  For  "Thornel"  40  composites,  the  value  o/’  0.  0018  was  calculated 
for  k3  through  the  use  of  Springer  and  Tsai's  equation(9)  for  their  square 
filament  model!34);  a  value  of  0.  02  was  assumed  for  the  transverse  thermal 
conductivity  of  the  fiber.  The  measured  values  of  kj  for  the  cross -plied 
composites  are  much  less  than  the  values  predicted  by  the  rule- of -mixtures 
The  strong  anisotropy  in  the  thermal  conductivities  of  the  crossed  plies 
may  have  caused  an  error  in  the  measured  values.  Further  studies  on 
predicting  the  thermal  conductivity  are  reported  in  Section  VIIIE. 

Thermal  Expansion.  The  values  of  the  coefficient  of  thermal  ex¬ 
pansion  parallel  to  the  fibers,  qj  ,  measured  on  unidirectional  "Thornel"  25 
and  40  composites  are  +0.4  and  -0.  7  x  10~6/°C.  The  negative  value  is  due 
to  the  negative  coefficient  of  expansion  of  the  fiber  (approximately 
-1  x  10  °/°C)  near  room  temperature  and  to  the  high  fiber  content  and  high 
fiber  modulus  of  the  "Thornel"  40  composites.  The  values  of  ax  predicted 
through  the  use  of  the  rule-of-mixtures  and  strain  compatibility!3®  )  are 
+0.  57  and  -0.  51  x  10_6/°C  respectively.  The  differences  between  the 
measured  values  of  ai  and  a2  for  the  cross-plied  composites  (ax  should 
equal  <%)  are  probably  due  to  experimental  difficulties  associated  withnon- 
uniform  strain  within  the  composite.  The  predicted  values  are  +3.  8  and 
+0.44  for  the  "Thornel"  25  and  40  cross-plied  composites,  respectively; 
the  agieement  between  measured  and  predicted  values,  on  an  absalute 
rather  than  a  percentage  basis,  is  relatively  good. 
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SECTION  VII 


DESIGN  DATA  STUDIES  AND  SIMPLE  ELEMENT 
TESTING  ON  FIBER  CCMPOSITES 


The  development  of  theoretical  methods  for  reliably  predicting  design 
data  of  fiber  composite  materials  is  a  difficult  task,  and  the  attairanent  of 
satisfactory  methods  for  use  in  immediate  applications  is  highly  uncertain. 

In  the  interim,  fundamental  design  data  and  the  response  of  new  composite 
systems  to  destabilizing  and  dynamic  loading  envirorments  is  being  obtained 
from  empirical  formulations  based  on  experimental  investigations.  These 
data  will  be  used  subsequently  in  correlative  studies  with  analytical 
prediction.  Efforts  to  establish  tests  for  accomplishing  this  goal  were 
expanded  during  this  report  period. 

The  evaluation  of  the  split -D  test  for  NOL  rings  and  the  subsequent 
development  of  an  improved  ring  tensile  test  are  reported  in  Section  VII  A. 

A  study  of  flat  tensile  specimen  sizes  and  shapes  and  the  interpretation  of 
data  are  presented  in  Section  VII  B.  Buckling  tests  on  fiber  composite 
plates  are  described  in  Section  VII  C.  An  extensive  experimental  investiga¬ 
tion  on  the  four  point  twist  test  is  discussed  in  Section  VII  D.  A  study 
of  the  steady  state  dynanic  response  of  plates,  which  parallels  the  buckling 
studies  reported  in  Section  VII  C,  is  described  in  Section  VII  E.  A  descrip¬ 
tion  of  the  composite  stringer  testing  program  and  a  sunmary  of  the  resulting 
experimental  data  obtained  are  presented  in  Section  VII  F.  Section  VII  G 
contains  a  description  of  the  test  program  and  a  graphical  presentation  of  the 
results  for  crippling  tests  on  fiber  composite  panel  elements.  Section  VII  H 
describes  an  acoustic  fatigue  resistance  test  program  conducted  on  advanced 
composites. 

A.  Tensile  Test  Studies  on  NOL  Rings 

(.Professors  Goble  and  Richer  and  Mr.  F.  Campbell) 

Unidirectionally  reinforced  fibrous  composites  are  the  fundamental 
building  blocks  for  the  design  of  simple  components.  Reliable  strength 
and  stiffness  data  on  unidirectional  composites  are  necessary  for  a  rational 
design  proceedure. 


When  a  substantial  percentage  of  the  fibers  in  a  reinforced  canposite 
are  colinear  with  the  load,  the  fiber  fails  in  a  brittle  manner.  In  this 
instance,  the  initiation  of  failure  is  heavily  dependent  upon  the  peak  stress 
caused  by  the  applied  load  and  the  distribution  of  flaws.  A  tensile  test  of 
such  a  composite  should  induce  a  uniform  tensile  state  over  a  substantial  por¬ 
tion  of  the  specimen.  A  photoelastic  investigation  of  the  split -D  tensile 
test  was  conducted  to  determine  the  presence  and  amount  of  bending  which  can 
be  viewed  as  a  linearly  varying  tensile  stress  distribution.  A  light  weight 
split -D  fixture,  for  use  in  the  polariscope,  was  constructed  and  is  shown  in 
Figure  143.  Photoelastic  specimens  to  simulate  both  the  1/16M  and  1/8"  thick 
NOL  rings  were  fabricated,  annealed  and  dried.  Figure  144  shows  the  photo¬ 
elastic  stress  distribution  for  the  entire  specimen  at  a  strain  simulating 
that  of  failure  for  a  reinforced  composite.  The  fringes  between  the  split  -d  and 
a  point  over  the  load  are  caused  by  friction  between  the  ring  and  the  fixture. 

The  fringes  in  the  vicinity  of  the  split  indicate  the  presence  and  intensity 
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in  the  Vicinity  of  the  Splint. 


of  bending.  Figure  145  is  a  closeup  of  the  fringe  pattern  in  the 
vicinity  of  the  split  at  the  same  load  intensity.  The  tensile  stress 
varies  by  a  factor  of  five  from  inside  the  ring  to  the  outside.  Since 
brittle  failure  is  predominantly  a  point  phenomenon,  this  test  is  unsatis¬ 
factory  for  testing  fibrous  composites.  These  observations  become  more 
pronounced  as  the  modulus  and  strength  of  the  reinforced  composite 
increase.  A  tensile  test  which  produces  a  more  uniform  state  of  stress 
is  needed  for  high  performance  composites. 

A  hydraulically  loaded  NOL  ring  would  produce  a  more  uniform  state  of 
tensile  stress.  However,  the  problems  associated  with  seals,  strain  measure¬ 
ments,  and  safety  led  to  the  development  of  a  new  test  device. 

The  new  test  fixture  induces  a  tensile  load  into  an  NOL  ring  through 
contact  with  a  ring  shaped  rubber  insert.  The  insert  expands  against  the 
test  ring  when  subjected  to  a  longitudinally  compressive  load,  due  co  the 
Poisson's  expansion  of  the  rubber.  Figure  146  is  a  schematic  of  the  test 
device  showing  the  loading  piston,  the  rubber  insert,  the  test  ring,  and  the 
restraining  rings. 

Several  difficulties  encountered  in  the  development  of  this  test  are 
summarized  below.  The  rubber  inserts  were  first  cast  in  a  mold  using  a  room 
temperature  vulcanizing  material.  Although  this  material  was  adequate  for 
testing  1/16  inch  thick  rings  (see  Figure  147) ,  the  rubber  underwent  excessive 
permanent  deformation  during  the  testing  of  a  1/8  inch  thick  ring.  Bell 
Aerosystems  then  recommended  a  material  (Neoprene  Elastromer  17942,  Goodyear 
Tire  and  Rubber  Co.)  which  they  use  in  a  sheet  forming  process.  This  material 
proved  to  be  superior.  A  1/8- inch- thick  ring  tested  to  failure  is  shown  in 
Figure  148. 

During  the  test,  the  retainer  rings  must  expand  at  approximately  the 
same  rate  as  the  test  ring;  otherwise,  a  variation  of  the  deformation  and 
stress  distribution  will  occur  in  the  axial  direction  in  the  test  specimen. 

If  the  stiffnesses  of  the  retainer  rings  are  approximately  matched  (something 
less  than  an  order  of  magnitude) ,  a  uniform  stress  state  will  be  established 
in  the  test  specimen.  Since  tensile  specimens  of  varying  modulus  and  strength 
are  to  be  tested,  several  sets  of  rings  must  be  available  and  calibrated. 

Finally,  there  was  a  tendency  for  the  top  retainer  ring  to  shift  ver¬ 
tically  during  the  test,  particularly  at  higher  loads.  By  fastening  the  top 
ring  to  the  base  of  the  test  fixture,  this  problem  could  be  alleviated.  The 
final  assembled  test  fixture  is  shown  in  Figure  149  and  the  disassembled  com¬ 
ponent  parts  are  shown  in  Figure  150. 

Several  steel  specimens  have  been  instrumented  and  tested  in  order  to 
determine  experimentally  the  relationship  between  the  axial  load  applied  to 
the  test  device  and  the  load  in  the  ring  specimen.  The  results  obtained 
were  in  agreement  with  the  analytical  predictions  for  a  thin  ring  under 
internal  pressure  once  a  small  amount  of  load  has  been  applied  to  the  speci¬ 
men.  The  irregularities  in  this  initial  loading  region  seemed  to  be  caused 
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by  the  initial  irregularity  of  both  the  test  specimen  and  the  rubber 
insert.  Upon  application  of  subsequent  load,  the  load-strai.i  curves 
were  virtually  linear  and  the  stress -strain  curves  gave  the  .own 
modulus  of  the  steel  calibration  rings.  Modulus  data  taken  from 
this  test  must  therefore  be  derived  from  data  at  loads  above  this 
initial  loading  region.  No  steel  specimens  were  tested  to  failure 
but  rather  a  limited  number  of  carbon  specimens  were  failed  while 
the  device  was  being  developed.  Photoelastic  specimens  will  be 
examined  in  this  test  device  using  the  frozen  stress  technicue  at 
strains  simulating  those  of  failure  in  graphite  fiber  composites. 

These  photoelastic  studies  will  disclose  any  irregularities  in  stress 
distribution  causing  deviations  from  a  pure  tensile  test  and  will  also 
serve  to  validate  the  calibration  curves  upto  failure. 

A  carefully  planned  series  of  tests  comparing  the  results  of  tensile 
tests  using  the  split-D  and  the  rubber  insert  device  will  be  conducted. 
Union  Caribde  Corporation  has  fabricated  pairs  of  near- identical  NOL 
ring  specimens  to  be  used  in  this  parallel  study  to  substantiate  the 
validity  of  this  new  test  method  for  unidirectional  composites. 
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Figure  146.  A  Mechanical  Fixture  for  a  Uniform  Tensile 
Loading  of  Standard  NOL  Rings. 


B-  Coupon  Tensile  Tests  on  Fiber  Composites 
(Professor  Kicher  and  Mr.  C.-H,  Wu) 

1*  Effect  of  Specimen  Shape 

The  objective  of  this  work  is  to  obtain  the  modulus  of  elasticity 
ultimate  strength,  and  the  Poisson's  ratio  by  the  uniaxial  tensile  test. 
Since  the  test  specimens  are  made  of  composite  materials,  an  optimum  shape 
of  the  test  specimen  had  to  be  selected  for  these  particular  materials.  *■ 1 
The  experimental  work  conducted  as  part  of  this  investigation  was  limited 
to  tensile  specimens  of  both  the  cross-ply  and  angle-ply  configurations. 

The  specimens  shown  in  Figures  151  and  152  are  all  cross-ply  specimens. 
Various  shapes  have  been  investigated  for  these  constructions. 


Type  I  of  the  ASTM  Standards  with  radius  of  the  fillets  varying  from 
to  3  inches  was  tried.  It  is  known  that  the  stress  concentration  in  a 
circular  fillet  is  inevitable.  This  stress  concentration  caused  premature 
failure  in  the  fillet,  as  shown  in  Figure  151. 

A  shape  analogous  to  the  profile  of  a  hydraulic  flow  through  an 

orifice,  shown  in  Figure  152  was  tried  next.  A  photoelastic  investi¬ 
gation  with  isotiopic  material  was  conducted  using  this  shape  of  fillet. 

The  results  shown  in  Figure  153  indicate  that  there  was  no  stress  concen¬ 
tration  in  the  fillet  of  the  isotropic  model.  However,  a  series  of  tensile 
tests  on  conposite  specimens  showed  that  the  specimens  failed  outside  the 
gage  section. 

.  , ,A  new  shaPe  of  the  tensile  specimen  was  then  developed.  The  hyper- 
oolic  curve  v 


1 

y  =  (f)  r*n  -  (A-x)njn  (vii  B-i) 

with  various  exponents  n  and  coefficients  A  and  B  has  been  tried.  The  curve 
with  A  =  2.0,  B  =  0.5,  and  n  =  0.75,  gave  a  tensile  specimen  that  did  not 
consistently  break  in  the  fillet.  The  Federal  Test  Standards  Method  1011, 
ype  II  has  also  been  investigated.  The  results  were  in  fair  agreement  with 
the  results  from  the  hyperbolic  fillet  test  specimen. 

The  shape  with  hyperbolic  fillet  was  chosen  for  the  final  test  speci¬ 
men.  Type  il  of  the  Federal  Test  Method  Standards  will  also  be  tested  for 
the  purpose  of  comparison  A  series  of  trial  tests  on  the  glass  fiber 
specimens  has  been  completed ,  and  the  testing  on  the  carbon  composite 
specimens  has  been  started. 
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Figure  151.  Tensile  Specimens  with  Circular 
Fillets  of  Various  Radii. 


Figure  152.  Tensile  Specimens  with  Isotensoid  Fillets 
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(O.  L.  Blakslee,  Union  Carbide) 

A  series  of  measurements  has  been  made  to  determine  the  varia¬ 
tion  of  tensile  stress  at  failure  with  gauge-section  size  and  shape.  The 
type  A  specimen  shown  in  Figure  154  illustrates  the  configuration  for 
the  "narrow-gauge"  specimens,  i.  e.  ,  specimens  having  no  lateral 
restraint  at  the  edges  and  having  many  fibers  that  run  from  one  edge 
of  the  gauge  section  to  the  other.  The  Type  B  specimen  shown  in 
Figure  154  illustrates  the  shape  of  the  "wide -gauge"  specimens  with 
few  fibers  ending  in  the  gauge  section  (although  the  gauge  length  is  not 
well  defined,  the  length  is  small  compared  to  the  width). 

Preliminary  tests  using  the  Type  A  specimen  were  made  on  a 
3 -ply  (0°,  90°)  plate  fabricated  from  "S"  glass  and  ERL  2256/MPDA 
resin;  the  specimens  were  cut  at  45°.  Figure  155  shows  the  tensile 
stress  at  failure  as  a  function  of  the  gauge  width.  Similar  data  are 
shown  in  Figures  156,  157,  and  158  for  "Thornel"  fiber/ERL  2256 
composites  having  lay-ups  3(90°,  ±60°),  4(45°,  -45*,-45‘,  45°).  and 
4(10°,  -10°,  -10°,  10°),  respectively;  the  Type  A  specimens  were  cut 
at  0°.  In  Figure  157,  the  low  strength  of  the  2.  5 -inch  wide  specimen  is 
thought  to  be  due  to  either  a  faulty  test  or  to  a  nonhomogeneity  in  the 
material.  Stress-strain  curves  obtained  for  these  three  plates  were 
not  significantly  different  for  specimens  with  different  gauge  widths. 

It  had  originally  been  hoped  that  the  curves  of  tensile  strength 
versus  gauge  width  would  asymptotically  approach  a  maximum  strength 
which  could  be  considered  the  intrinsic  material  strength.  With  the 
possible  exception  of  the  4(10°,  -10°,  -10*,  10")  data,  no  such  behavior 
was  found;  and  it  is  concluded  that  at  least  for  the  specimens  investi¬ 
gated,  the  uniaxial  tensile  strength  must  be  treated  as  a  function  of  the 
size  of  the  region  under  stress. 

A  second  attempt  to  meaau  <;  the  strength  of  angle-ply  com¬ 
posites  was.  made  with  the  Typ<  specimen  (i.  e.  ,  with  the  wide-gauge 
specimen).  Results  for  four  "Thornel"  composites  are  given  in 
Table  LIII.  Strengths  obtained  with  a  1/4 -inch  wide  Type  A(narrow- 
gauge)  specimen  are  also  included  for  comparison.  The  wide-gauge 
strengths  are  greater  than  the  corresponding  narrow-gauge  strength 
in  every  case  (in  one  case,  by  a  factor  of  8).  Although  it  was  known 
that  the  Type  B  specimen  does  not  produce  a  homogeneous  unidirectional 
tensile  stress  in  the  gauge  section,  it  was  hypothesized  that  this 
specimen  might  give  a  useful  approximation  to  the  intrinsic  material 
strength.  Comparison  of  the  wide-gauge  strengths  of  Table  LIII  with 
the  curves  in  Figures  156,  157,  and  158  casts  doubt  on  the  validity  of 
this  hypothesis.  Some  composite  strengths  predicted  at  Bell  Aerosystems 
by  the  procedures  discussed  in  Section  VIII  D  are  listed  in  Table  LIII. 

On  the  whole,  the  predicted  values  are  in  better  agreement  with  the 
narrow-gauge  strengths  than  with  the  wide-gauge  strengths;  a  result 
which  casts  further  doubt  on  the  hypothesis  that  the  wide-gauge  strengths 
are  a  useful  measure  of  uniaxial  tensile  strengths. 


Effect  of  Gauge  Configuration  on  Properties  Measured  b^ 
Off-Axis  Tensile  Specimens. 
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Figure  151*.  Tensile  Test  Specimens  Used  to  Investigate  the 
Influence  of  Gauge  Section  Size  and  Shape  on  Tensile  Strength  and 
Moduli  Measurements  on  Fiber  Composite  Plates. 
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Figure  155.  Variation  of  Tensile  Stress  at  Failure  with  Gauge 
Width  of  "S"  glass,  Epoxy-Resin  Composite,  3-ply 
(0°,90°)  Lay-Up.  Bidirectional  Fibers  Oriented  at 
±45*  to  Specimen  Axis. 
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Figure  156.  Variation  of  Tensile  Stress  at  Failure  with  Gauge 
Width  of  "Thornel"  25/ERL  2256  Plate  P25-13,  3-ply  (90*  , +60, 
-60° )  Lay-Up.  Test  Specimens  Oriented  at  0*. 
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TABLE  LIII 


TENSILE  STRENGTHS  OF  "THORNEL"  FIBER /ERL  2256  PLATES 
MEASURED  WITH  NARROW-  AND  WIDE-GAUGE  SPECIMENS 


Narrow- 

Wide- 

Plate 

Number 

Lay  Up 

Pattern 

Test  Specimen 
Orientation 

Gauge 
Strength 
(I03  lb/in.2) 

Gauge 
Strength 
(103  lb/in.2) 

P25-2 

5(0®,  90*) 

45® 

7.  3 

20.  8 

P25-13 

3{90\±60*) 

0® 

2.9 

10.8 

P40-10 

4(+45®,-45*,-45®,+45®) 

0® 

6.6 

52.7 

P40-5 

4(+10\  -10\  -10\  +  10*) 

0® 

69.  3 

99.3 

The  present  results  represent  only  a  progress  report  of  a  continu¬ 
ing  project  on  the  strength  of  angle-ply  composites.  Fundamental  advances 
are  needed  both  in  test  procedures  and  in  analytical  concepts  for  charac¬ 
terizing  the  strength  as  a  function  of  the  size  and  shape  of' the  stressed 
region. 
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C.  Buckling  Tests  on  Fiber  Composite  Plates 
(Professor  kicher  and  Mr.  J.  Mandell) 

Plate  buckling  tests  are  being  used  primarily  as  a  means  of  determining 
the  flexural  and  torsional  rigidities  of  fiber  reinforced  composite  plates. 

Thus  far,  the  emphasis  has  been  on  unstiffened,  ten -inch -square  plates,  though 
sane  stiffened  plates  will  be  tested  in  the  future.  The  tests  are  nondestruc¬ 
tive,  and  the  test  fixture  can  accomodate  ten-inch-square  plates  of  variable 
thicknesses  with  or  without  initial  imperfections  or  stiffeners. 

The  plates  are  subjected  to  an  evenly  distributed  compressive  edge 
load  in  one  direction.  The  plates  are  either  simply  supported  on  all  four 
sides  or  simply  supported  on  the  two  loaded  sides  only  and  free  on  the  other 
two.  As  the  plate  is  loaded,  the  center  point  deflection  is  measured  with  a 
movable  linear  variable  differential  transformer  (L.V.D.T.J.  Any  other 
deflections  which  might  be  necessary  to  determine  the  mode  shape  are  measured 
with  the  same  L.V.D.T.  If  the  plate  has  an  initial  imperfection,  it  will 
defoxm  into  sane  mode  shape,  usually  the  first  mode,  as  the  load  is  applied. 

If  the  plate  is  flat,  however,  it  must  be  perturbed  into  the  correct  mode  shape 
as  the  load  is  applied.  A  small  constant  force  acting  at  the  center  of  the 
plate  is  used  to  achieve  this  perturbation. 

The  test  fixture  originally  developed  was  found  to  yield  results  which 
were  in  good  agreement  with  theory  for  the  case  of  only  two  sides  simply  sup¬ 
ported.  For  tiie  case  of  all  four  sides  simply  supported,  however,  the  results 
were  found  to  be  in  poor  agreement  with  theory,  particularly  for  very  thin 
plates.  Two  basic  reasons  were  found  for  this  inaccuracy.  First,  the  load 
shifted  toward  the  outside  edges  as  the  deflection  increased  until  the  load  was 
no  longer  evenly  distributed.  Second,  the  supporting  knife  edges  bonded  to  the 
edges  of  the  plate  tended  to  add  stiffness  to  the  plate,  since  they  resisted 
any  variation  in  the  rotation  along  an  edge. 

Recently,  a  new  test  fixture  (see  Figures  159,  160,  and  161)  has  been 
developed  which  corrects  these  problems  and  gives  accurate  results  for  the 
torsional  as  well  as  the  flexural  rigidities.  The  new  test  fixture  applies 
the  load  through  a  number  of  independent,  spring  loaded  pistons  so  that  the 
load  ranains  evenly  distributed  throughout  the  test.  The  supports  have  also 
been  altered  so  as  to  minimize  their  stiffening  effect. 

Accurate  theories  are  available  to  describe  the  buckling  of  orthotropic 
plates  with  the  fibers  running  colinear  with  the  edges.  For  the  case  of  the 
loaded  sides  simply  supported  and  the  other  two  sides  free,  the  governing  dif¬ 
ferential  equation  is 

4  2 

Dn  +  Nv  ~t  -  0  (VII  C-l) 

A  3x  *  3x 

where  the  plate  is  loaded  in  the  one  direction.  If  the  deflection  pattern  is 
assumed  to  be 


w  *  \  sin  ^  •  CVH  C-2) 


-220- 


Figure  160.  Side  Supports  for  Plate  Buckling  Tests. 


Then  the  critical  load  for  the  first  mode  is 
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Or,  if  the  plate  is  turned  90°  and  loaded  in  the  two  direction,  the  critical 
load  is 
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where  a  and  b  are  the  lengths  of  the  sides  of  the  plate.  Thus,  if  the  critical 
loads  in  the  two  directions  can  be  determined  experimentally,  the  bending 
stiffnesses  can  be  determined  as  follows 
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If  all  four  sides  of  the  plate  are  simply  supported,  the  differential 
equation  becomes 
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For  the  special  case  where  the  fiber  directions  are  colinear  with  the  sides, 


the  differential  equation  becomes 

66 

If  a  deflection  pattern  of  the  form 
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is  assumed,  then  for  the  first  mode  the  critical  load  will  be 
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Since  Dj^  and  D ^  are  known  either  from  theory  or  from  the  test  with  only  two 
sides  supported,  can  be  determined  if  the  critical  load  is  known. 

For  the  tests  to  be  nondestructive,  it  xs  necessary  to  predict  the 
buckling  load  without  actually  buckling  the  plate.  Southwell  developed  a 
technique  for  predicting  the  buckling  load  of  columns,  and  this  technique  can 
be  applied  to  a  plate  with  the  loaded  sides  simply  supported  and  the  other  two 
sides  free  by  considering  the  plate  to  be  a  wide  column.  If  the  plate  has  a 
first  mode  imperfection,  the  deflection  pattern  can  be  assumed  to  be 
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where  wQ  »  sin  nx/a 
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and  a  plot  of  n-  vs  6  will  yield  a  straight  line  with  slope  -nr-r —  and  an 
\  LxJcr 

intercept  of  a  a^/CNx)cr • 


This  technique  can  be  further  applied  to  an  isotropic  plate  with  all 
four  sides  simply  supported  and  a  first  mode  imperfection.  Here,  the  deflec 
tion  will  be  given  by 
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where,  at  x  ■  a/2,  y  -  b/2, 
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And,  as  before. 
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As  previously  mentioned,  tests  with  only  two  sides  supported  show  very 
good  correlation  with  theory  for  all  cases.  Tests  using  the  new  test  fixture 
with  all  four  sides  simply  supported  display  a  characteristic  and  reproducible 
plot  of  6/N^  vs  6.  On  many  plates,  the  first  few  points  are  quite  random 

and  reflect  the  lack  of  a  well-defined  mode  shape.  The  middle  portion  of  the 
;urve,  however,  is  the  well-defined  straight  line  described  in  the  previous 
paragraph.  After  the  deflection  reaches  about  one-third  to  one-half  the  thick¬ 
ness  of  the  plate,  bending  becomes  prominent  and  the  curve  tails  off  from  the 
straight  line.  This  behavior  is  reflected  in  the  plot  of  vs  6,  which  should 

be  a  rectangular  hyperbola  with  asymtotes  at  zero  deflection  and  at  (Nx)cr»  but 

which  is  not  well  defined  in  the  beginning  and  tends  to  become  linear  near  the 
end. 


Representative  test  curves  are  presented  in  Figures  162  through  167  for 
one  aluminum  and  two  Thomel  25  fiber  reinforced  composite  plates.  The  fiber 
volumes  for  the  composite  plates  were  not  known  exactly,  but  it  was  believed  that 
the  9(0,90)  plate  had  a  fiber  volume  of  between  40  and  42  percent,  whereas  the 
(0,90,90,0)  plate  had  a  fiber  volume  of  between  48  and  50  percent.  All  tests 
were  run  on  the  new  test  fixture  with  sides  simply  supported.  At  the  time  the 
tests  were  run,  however,  the  linear  variable  differential  transformer  was  not 
used  to  measure  the  deflections.  Instead,  a  temporary  dial  indicator  was  used 
which  may  have  introduced  error.  Also  the  (0,90,90,0)  plate  was  not  loaded  in 
the  usual  manner,  causing  considerable  friction  as  witnessed  by  the  variation  of 
the  data  from  a  smooth  curve.  Only  enough  data  to  define  the  curve  are  included 
for  the  (0,90,90,0)  plate;  all  data  are  included  for  the  other  plates.  Theoretical 
buckling  loads  found  using  the  stiffnesses  calculated  by  T.L.  Chao  and  these  are 
listed  in  Table  LIV  along  with  the  experimental  results. 

Efforts  to  determine  if  this  buckling  test  is  truly  nondestructive  have 
been  limited  to  low  magnification  observations  during  and  after  the  tests. 

No  strain  gages  were  applied  to  the  fibrous  composite  panels  to  determine  if  the 
stress -strain  curye  reached  its  knee.  The  strongest  point  in  support  of  this 
test  is  that  the  experiments  were  repeated  approximately  ten  to  twelve  times  for 
each  panel  with  no  apparent  delamination  and  no  degradation  of  the  buckling  load. 
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LOAD  N*  (Lb)  |/N»  (lO“* m/Lb) 


Figure  162.  Center  Point  Deflection  Divided  by  Load  vs.  Center  Point 
Deflection  for  an  Aluminum  Plate  (t=0.063)  Under 
Edgewise  Compression. 


Figure  163.  Load  vs.  Center  Point  Deflection  for  an  Aluminum  Plate 
(t=0.063)  Under  Edgewise  Compression. 
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(Nx)cr- 262.5  Lb 


CENTER  POINT  DEFLECTION  »(IO‘*ln) 


Figure  164. 


Center  Point  Deflection  Divided  by  Load  vs.  Center  Point 
Deflection  for  a  (0,90,90,0)  Graphite  Fiber  Composite 
Plate  Under  Edgewise  Compression. 


CENTER  POINT  DEFLECTION  8(IO"*in  ) 


Figure  165. 


Load  vs.  Center  Point  Deflection  for  a  (0,90,90,0) 
Graphite  Fiber  Composite  Plate  Under  Edgewise  Com¬ 
pression. 


-227- 


mmm 


i 


LOAD  Nx  (Lb.)  S  8/Nx(IO"5in/Lb) 


<Vcr  tu» 


Material 

Configuration 

Theory 

Experiment 

Error  % 

6061 -T6 

t  -  .0630" 

953 

942 

1.0 

Aluminum 

Graphite  Fiber 
Composite 

(0,90,90,0) 

251(50%  vol) 

262.5 

4.6 

Graphite  Fiber 
Composite 

9(0,90) 

2060(40%  vol) 

1995 

3.1 

+ 


-229- 


D.  Four  Point  Twist  Test  On  Fiber  Composite  Plates 
(farofessor  Goble  and  Mr.  F.  Campbell) 

The  four  point  twist  test  has  been  used  extensively  to  determine  the 
torsional  flexural  rigidity  of  orthotropic  composite  plates.  However, 
several  difficulties  associated  with  initial  imperfections,  nonl inear it ies, 
and  scatter  of  results  have  been  reported.  An  extensive  experimental  program 
to  study  these  difficulties  and  the  effects  of  specimen  overhang,  length- to- 
thickness  ratio,  and  methods  of  loading  has  been  initiated. 

A  test  device ^ 37 ^  which  loads  the  specimens  near  the  corners  and 
measures  the  twist  curvature  near  the  center  of  the  plate  is  not  satisfactory 
for  thin  gage  composite  specimens.  The  dial  indicators  used  to  determine  the 
twist  curvature  through  a  finite  difference  scheme  introduce  a  load,  causing 
a  deviation  from  the  desired  hyperbolic  paraboloidal  shape.  Although  their 
effects  could  be  included,  the  desire  to  retain  simplicity  in  the  data  reduc¬ 
tion  led  to  an  alternative  loading  scheme.  A  test  device  which  holds  two 
diagonally  opposite  corners  fixed  while  inducing  a  known  displacement  and 
measures  the  load  at  the  remaining  diagonal  comers  gives  satisfactory  results. 
The  desire  to  read  extremely  small  loads  (0.001  pounds)  required  a  flexible 
load  cell  which  needs  only  a  minor  correction  in  data  reduction.  Figure  168 

•  f381 

is  a  photograph  of  this  test  device  Styled  after  the  one  described  by  Tsai1- 

So  that  the  effects  of  specimen  length- to- thickness  ratio,  might  be 
determined,  several  aluminum  and  steel  plates  having  a  planfoim  dimension  of 
11"  by  11"  were  tested.  The  plates  were  then  cut  to  reduce  the  planfoim 
dimension  and  the  tests  repeated.  This  procedure  was  repeated  several  times 
until  the  plates  were  4"  by  4".  This  method  gave  a  consistent  set  of  data 
from  which  the  following  preliminary  conclusions  were  drawn: 

1.  Range  of  length- to- thickness  ratio: 

i/t  should  not  be  much  less  than  40  nor  much  greater  than  200; 

2.  Deflection  limitations  for  a  linear  load -deflection  curve: 

thin  plates  (£/ t  :  200)  1  to  2  plate  thicknesses  moderate  thick¬ 
ness  (fc/t  :  120)  one  plate  thickness  thickplates  (4/t  :  40)  much 
less  than  one  plate  thickness; 

3.  Geometric  imperfections: 

Thin  plates  (£/t  :  200)  less  than  a  plate  thickness;  for  thin 
plates  with  an  imperfection  exceeding  one  plate  thickness,  errors 
on  the  order  of  20%  in  the  twist  rigidity  were  observed.  However, 
this  relationship  is  not  linear,  since  plates  having  an  imperfec - ' 
tion  on  the  order  of  two  plate  thickness  have  been  observed  to  be 
in  error  by  300%. 

The  effects  of  specimen  overhang  were  also  studied  both  experimentally 
and  analytically.  Assuming  that  the  four  point  test  fixture  deforn  the  plate 
into  a  hyperbolic  paraboloid,  a  uniform  state  of  twisting  exists  and  the  strain 
energy  becomes 


u  ■  {  1/2  VdV  =  j  1/:  G^Cc^  -  azK^dxdydz.  (VII  D-l) 

Assuming  the  membrane  shear  strain  vanishes 

U  '  “xy’C'V  OIIID-Z) 

where 

Kxy  ‘  1V,lst  cutvature, 

Aj.  *  Total  area  o£  the  plate 

2 

D  =  G  2  dz  =  torsional  flexural  rigidity. 
xy  j  xy 

The  work  done  by  the  external  loads  can  be  expressed  in  terms  of  the  twist 
curvature  as 
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where  F  is  the  load  at  a  comer  and  i 

J A 


and  ty 


are  the  spans  between  load  points 


as  shown  in  Figure  169.  From  the  stationary  condition  on  the  total  energy, 
the  following  expression  for  the  torsional  flexural  rigidity  can  be  established 
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Where  A^  is  £x  times  l^9  the  area  bounded  by  the  four  load  points.  This  expres¬ 
sion  for  the  flexural  rigidity  differs  from  that  found  in  the  published  literature 
in  that  the  calculations  must  be  modified  by  the  area  ratio  A. /A™.  It  arises 


because  of  the  assumption  that  the  loading  induces  a  uniform  state  of  constant 
twist  curvature  throughout  the  entire  plate  both  within  the  loading  points  and 
within  the  overhang  region.  While  it  is  an  assumption  that  this  curvature  is 
the  same  within  the  loaded  area  and  the  overhang,  it  appears  to  be  a  better 
approximation  than  neglecting  the  strain  energy  of  twisting  in  the  overhang 
region.  For  example,  the  testing  cf  a  10  inch  square  flat  aluminum  panel  with 
a  1/2  inch  overhang  on  all  four  sides  gave  a  torsional  flexural  rigidity  which 
was  approximately  20  percent  in  error  when  the  twisting  of  the  overhang  was 
assumed  to  be  zero.  However,  the  application  of  the  Equation  VII  D-4  yielded 
a  torsional  flexural  rigidity  within  1  percent  of  the  analytical  results . 
Certainly  this  as simp t ion  of  a  uniform  curvature  is  not  valid  for  a  substantial 
amount  of  overhang  but  it  appears  to  be  superior  then  neglecting  the  effects  of 
the  overhang  for  most  practical  experimental  tests.  This  correction  for  specimen 
oveihang  has  been  verified  experimentally  for  moderate  area  ratios,  on  the  order 
of  Aj/Ap  •  0.80. 
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The  more  difficult  problems  of  the  effects  of  initial  imperfections, 
causes  of  the  nonlinearities,  and  the  scatter  of  results  have  only  been 
partially  resolved.  At  this  time,  the  study  has  not  been  completed;  thus, 
only  a  limited  number  of  results  are  available  and  the  conclusion  is  only 
speculative.  There  is  a  strong  correlation  between  an  apparent  nonlinearity 
and  initial  imperfections  even  for  small  deformations.  Several  metal  plates 
of  selected  thicknesses  and  random  inperfections  were  loaded  in  the  four-point- 
twist  test  device  in  various  configurations.  For  example,  a  complete  load- 
deflection  curve,  for  both  the  positive  and  negative  loads,  can  be  obtained  by 
inverting  the  plate  or  rotating  it  by  90°  in  its  own  plane.  For  metallic  test 
specimens  with  an  initial  inperfection  greater  than  a  plate  thickness  and  a 
length- to- thickness  ratio  greater  than  160,  the  initial  slopes  of  the  load- 
deflection  curve  have  differed  by  a  factor  of  three.  These  same  plates  display 
a  pronounced  nonlinearity,  bordering  on  an  unstable  behavior  when  the  imposed 


Figure  169.  Four  Point  Load  Test  Showing  the 
Specimen  Overhang. 
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displacement  exceeds  two  plate  thicknesses.  His  larger  displacement  phenome¬ 
non  has  been  observed  analytically  by  Foye^^  ,  The  discrepancies  in  slope  in 
the  vicinity  of  the  origin  of  the  load-deflection  curve  indicate  that  the 
deformed  shape  is  not  a  hyperbolic  paraboloid  as  assumed  in  the  analytical 
development.  The  response  could  be  same  form  of  shell  behavior  involving  the 
flexural  rigidities.  For  example,  consider  a  plate  with  a  cylindrical  initial 
imperfection  skewed  to  the  sides  of  the  plate.  The  generatrix  of  the  cylin¬ 
drical  imperfection  will  lie  along  the  diagonal  and  be  supported  by  two  of  the 
four  loading  points.  The  other  diagonal  will  have  a  circular  imperfection  and 
lie  at  the  remaining  two  loading  points.  When  a  load  is  applied,  the  straight 
diagonal  will  serve  as  an  arch,  causing  all  of  the  deformation  to  occur  in 
bending  perpendicular  to  the  arch.  The  torsional  mode  of  response  will  not  be 
excited  in  this  case  and  the  slope  of  the  load -displacement  curve  will  be  sane 
function  of  the  bending  rigidity.  The  effects  of  other  imperfections  will  be 
studied  to  determine  the  limitations  of  the  four  point  tests. 


E-  Static  and  Dynamic  Flexural  Tests  on  Fiber  Canposites 
(Professor  Kichei  and  Mr.  Y.  HikamiJ 

Twc  experimental  methods  have  been  studied  for  determining  the  rigid¬ 
ities  of  composite  material  plates.  First,  pure  static  four  point  bending  of 
long  rectangular  plates  similar  to  the  beam  test  was  used  to  obtain  the  flex¬ 
ural  rigidities.  The  results  agreed  with  those  obtained  by  the  buckling  test! 
however,  this  test  generally  cannot  be  applied  to  thin  or  imperfect  plates. 
Second,  a  vibration  test  on  square  plates  in  which  natural  frequencies  of 
plates  are  found  and  used  to  determine  rigidities  of  plates  was  undertaken. 

The  basic  idea  of  this  method  is  that  when  the  plate  is  subjected  to  flex¬ 
ural  vibrations  with  various  boundary  conditions,  the  frequencies  of  the 
plate  maybe  obtained.  With  these  experimentally  obtained  frequencies  and 
theoretically  derived  relations,  the  elastic  constants  of  the  plate  are 
obtained.  For  the  free  vibration  of  a  thin  rectangular  plate  of  elastic 
orthotropic  material  of  constant  thickness,  the  expression  for  the  circular 
frequency  P  is 
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for  all  four  sides  simply  supported. 


Figure  170.  Rectangular  Plate 
Dimensions 
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p  =  mass  density 

h  *  thickness  of  plate 

a,b  *  dimension  of  plate  (see 
Figure  170) . 


In  these  tests,  a  10  x  10  inch  square  plate  is  subjected  to  the  flexural  vibra¬ 
tion  of  a  known  fundamental  mode.  The  flexural  rigidities  of  the  plate  are 
obtained  with  the  boundary  condition  of  two  opposite  edges  being  simply  sup- 
ported  and  other  two  edges  being  free.  The  torsional  rigidity  is  obtained  by 
simply  supporting  all  four  edges.  In  order  to  determine  the  fundamental  fre¬ 
quency  of  flexural  vibration  of  the  plate,  a  strain  gage  will  be  attached  at 
the  center  of  the  plate  and  the  maximun  amplitude  will  be  recorded.  A  Strobe- 
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light  will  be  used  to  check  that  the  vibration  is  a  fundamental  mode. 


One  major  difficulty  encountered  was  the  design  of  a  test  apparatus 
which  gives  an  ideal  simply  supported  boundary  condition.  The  use  of  rubber 
as  a  device  for  simply  supporting  the  plate  edges  (Figures  171a  and  171b) 
was  tried,  and  the  apparatus  was  tested  with  an  8  x  2  x  0.125-inch  aluminum 
plate.  The  results  of  the  test  indicated  that  the  values  of  flexural  rigidity 
were  different  (111  for  the  plate  with  knife  edges  (Figure  171a)  and  221  for 
the  plate  with  square  corner  edges  (Figure  171b)  as  compared  with  the  plate 
having  knife  edges  which  were  supported  by  V-notch  grooves  (Figure  172) .  It 
was  concluded  that  this  type  of  support  was  not  sufficiently  accurate. 


Figure  171.  Approximate  Simply  Figure  172.  Simply  Supported 

Supported  Edge  Edge 

The  test  apparatus  with  roller  bearings  (Figure  173)  was  then  constructed 
(see  Figure  174) .  This  device  has  an  advantage  over  the  one  with  the  knife 
edge  stiffeners  (Figure  175)  in  that  the  axes  of  rotation  coincide  with  the 
edges  of  the  plate.  The  effect  upon  frequency  of  the  moment  produced  due  to 
the  inertia  of  rods  was  investigated.  The  rods  are  attached  to  the  edges  of 
the  plate  so  that  the  plate  edge  lines  coincide  with  the  axes  of  rotation  of 
the  rods . 


Figure  173.  Roller  Bearing 
Supported  Edges 


Figure  175.  Knife  Edge  Stiffeners 


The  difficulties  encountered  with  this  experimental  apparatus  were: 

1.  When  the  plate  is  subjected  to  vibration  with  four  sides  supported, 
there  is  a  component  of  bending  moment  at  the  boundary  violating 
the  simply  supported  boundary  condition.  The  bending  moment  is  due 
to  the  restraint  of  variable  rotation  of  the  plate  edges  within  its 
sides  with  respect  to  the  plate  edge  lines  by  both  of  the  torsional 
rigidity  of  the  rods  and  same  angular  displacement  for  whole  length 
of  the  roller  bearings.  There  is  also  a  contribution  to  the  bend¬ 
ing  moment  due  to  the  angular  inertia  of  the  rods  and  roller  bear¬ 
ings. 

2.  The  attachment  of  the  rods  to  the  plate  must  be  extremely  accurate 
so  that  when  the  plate  is  fitted  to  the  apparatus  the  rods  are  in 
contact  with  the  roller  bearings  along  two  lines. 

These  difficulties  may  be  overcome  if,  the  rods  are  cut  into  small  pieces,  elimi¬ 
nating  the  bending  moment,  and  an  allignment  fixture  for  the  attachment  of  the 
rods  to  the  plate  is  constructed. 

The  test  was,  in  spite  of  these  problems,  run  on  an  aluminum  plate,  and 
a  3.3%  error  in  the  torsional  rigidity  and  a  7.4%  error  in  the  flexural  rigid¬ 
ity  were  obtained.  The  results  of  the  test  are  not  sufficiently  reliable,  but 
they  do  indicate  the  potentiality  of  this  apparatus  to  give  good  results. 
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F. 


Tests  on  Fiber  Composite  Stringers 


1 .  Angle  Bend  Tests  of  L-Shaped  Stringers 

(0.  L.  Blakslee,  Union  Carbide,  and  W.  N.  Meholick 
Bell  Aerosystems) 

The  possible  mechanical  damage  and/or  residual  stress  resulting 
from  bending  graphite  fibers  around  corners  (such  as  occur  in 
stringers)  has  been  investigated.  A  series  of  L-shaped  stringers 
has  been  tested  to  failure  in  the  manner  shown  in  Figure  176 
to  determine  the  effects  of  the  sharp  curvature  at  the  corner. 

The  fabrication  of  this  series  of  stringers  is  described  in 
Section  V  D4.  Three  different  curvature  radii  were  used:  0.050, 
0.100,  and  0.200  inch.  The  samples  were  approximately  one  inch 
in  length,  and  the  undeformed  moment  arms  were  0.400  inch.  The 
stringers  were  of  3-ply  (90°,0°,90°)  construction,  as  shown 
in  the  inset  in  Figure  176.  The  data  recorded  (see  Table  LV) 
were  the  fracture  load  per  unit-length  and  the  horizontal  and 
vertical  deformations  at  fracture.  Since  the  vertical  deflection 
does  not  enter  the  calculation,  it  was  not  measured  during  the 
tests  on  the  "Thornel"  40  stringers. 

The  thicknesses  and  fiber  contents  of  the  L-shaped  stringers 
with  0.050-inch  and  0.200-inch  radii  are  sufficiently  similar 
that  the  failure  loads  per  unit-length  can  be  directly  compared 
for  both  "Thornel"  25  and  40  composites;  no  significant  weakening 
of  the  bend  is  evident  for  bend  radii  as  small  as  0.050-inch. 

Peak  tensile  and  compressive  stresses  at  the  outside  and  inside 
surfaces,  respectively,  of  the  bend  region  have  been  computed 
by  using  classical  curved-beam  theory. ( 40 )  The  computed  stresses 
given  in  Table  LV,  cannot  be  directly  compared  with  uniaxial 
composite  strengths  because  the  fibers  are  subjected  to  tvTo 
additional  stress  systems;  the  flexural  prestresses  in  each 
fiber  due  to  its  being  bent  and  the  reactive  prestresses  of 
the  matrix  on  the  fibers  which  keep  the  fibers  bent  even  when 
the  stringer  is  unloaded.  These  reactive  stresses  and  their 
changes  as  the  stringer  is  loaded  are  not  known.  Most  of  the 
computed  tensile  and  compressive  stresses  given  in  Table  LV 
seem  reasonable  if  rough  allowance  is  made  for  the  prestresses 
in  the  fibers.  The  compressive  stresses  in  the  "Thornel"  40 
stringers  are  about  the  same  as  the  uniaxial  compressive  strength 
of  a  unidirectional  composite,  but  the  computed  tensile  stresses 
are  much  less  than  the  unidirectional  composite  tensile  strength; 
as  expected,  these  stringers  broke  in  compression.  For  the 
"Thornel"  25  stringers,  the  computed  tensile  stresses  are  much 
closer  to  the  unidirectional  tensile  strength  (about  75,000 
lb/in.2);  and,  in  practice,  many  of  these  s': ringers  broke  in 
tension.  An  interesting  feature  of  the  "Thornel"  25  stringer 
tests  is  the  indication  that  the  maximum  compressive  stress 
in  the  curved  composite  increased  as  the  bend  radius  decreased. 


ft 
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A-Inatron  Platens;  B-Notched  Aluminum  Blocks; 

C,  D-Dial  Indicators  Measuring  Vertical  and  Horizontal  Deformation; 
E-Sample 

N-17135 

Figure  176.  Angle  Bend  Test  Procedure  for  L-Shaped  Stringer 


TABLE  LV 

ANGLE  BEND  FRACTURE  LOADS  OF  L-SHAPED  STRINGERS 
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Although  the  test  results  cannot  be  analyzed  in  detail,  the 
angle  bend  tests  have  demonstrated  that  "Thornel"  25  and  40  graphite 
fibers  can  be  used  safely  to  fabricate  structural  elements  with 
small  radii  of  curvature.  The  ability  to  be  formed  over  curves 
of  small  radius  is  an  important  asset  of  these  nigh  modulus  fibers. 

2 .  Axial  Crippling  Tests  of  Stringers 

(0.  L.  Blakslee,  Union  Carbide ) 

Candidate  stringers  for  the  reinforcing  of  plates  and  cylinders 
have  been  tested  to  determine  suitability  and  optimum  processing 
conditions.  The  selection  criterion  was  the  endwise  compressive 
strength. 

The  samples  were  trimmed  to  shape  with  a  thin  cut-off  wheel 
in  a  surface  grinder.  Particular  care  was  taken  to  assure  that 
the  ends  were  plane  parallel.  The  length  was  made  short  enough 
to  insure  that  failure  would  not  occur  due  to  column  buckling 
of  the  entire  stringer.  This  length  was  approximately  four  inches 
for  the  box,  the  Z-,  and  the  U-shaped  sections  but  only  approximately 
two  inches  for  the  L-shaped  S'  jtions.  High  elongation  epoxy- 
backed  foil  strain  gages  were  attached  to  at  least  two  flanges 
of  each  specimen.  The  samples  were  then  placed  between  the  platens 
of  an  Instron  esting  machine  in  such  a  manner  that  the  load  was 
uniformly  distributed  along  the  platen-stringer  interface,  and 
the  specimens  were  loaded  to  failure.  The  strains  measured  by 
the  strain  gages  were  continuously  and  individually  plotted  versus 
the  load  on  X-Y  recorders. 

The  five  different  shapes  and  sizes  tested  are  shown  in 
Figure  177.  The  wound  box  beams  were  tested  as  box,  U-,  and  L- 
shaped  sections  (Figure  177-A,  -B,  and  -C,  respectively).  The 
shapes  tested  for  the  Z  molded  stringers  were  the  L  and  Z  sections 
(Figure  177-C  and  -D,  respectively).  The  L-shaped  stringers 
were  tested  in  the  L  configuration  (Figure  177-E) .  Table  LVI 
lists  the  number  of  plies  and  describes  the  lay-up  patterns  for 
the  stringers  tested.  The  first  number  in  parentheses  is  the 
angle  (in  degrees)  that  the  fibers  in  the  first  (outside)  ply 
make  with  the  longitudinal  axis  of  the  stringer. 

The  results  of  these  tests  are  summarized  in  Table  LVI. 

The  data  are  listed  In  approximate  chronological  order.  Estimates 
of  stringer  properties  are  listed  also;  these  estimates  are  based 
on  the  plate  tensile  and  compression  data  given  in  Sections  VI 
B  and  D.  The  filament  wound  stringers  had  severe  variations 
in  wall  thickness  (adjacent  to  the  end  of  a  cross-over,  the  thickness 
was  occasionally  only  approximately  one-half  of  the  nominal  value). 

All  the  stringers  for  this  series  failed  by  shear  along  the  fibers, 
and  this  shear  always  originated  at  one  of  the  thin  regions. 

The  molded  specimens  of  4 (+45°),  3(+45°),  and  3(+10°)  all  failed 
due  to  shear  along  the  fibers.  The  4(90° ,0° ,0° ,90° )  samples 
failed  at  one  flange  by  shear  along  a  plane  which  lay  at  45° 
to  the  plies.  The  unidirectional  samples  failed  by  local  buckling 
of  one  flange.  The  3(0°,90°,0°)  specimens  failed  by  "brooming" 
of  the  ends  at  the  specimen-platen  interface. 
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Figure  177.  Cross-Sectional  Shapes  and 
Sizes  of  Stringers  Tested. 


The  differences  between  the  measured  and  estimated  values 
appear  to  be  due  to  manufacturing  and/or  testing  difficulties. 

Both  processing  and  testing  techniques  were  improved  on  the 
latter  samples;  good  agreement  between  estimated  and  measured 
values  was  then  obtained.  The  one  large  discrepancy  occurred  for 
the  unidirectional  3(0°)  stringer.  A  compressive  strength  66  x  103 
lb/in.2  and  a  Young’s  modulus  of  11  x  10* lbs/in. 2  have  been 
measured  previously  on  unidirectional  plate  samples,  but  only 
25  x  103lbs/in.2  strength  and  7.2  x  10* lbs/in . 2modulus  were 
measured  on  the  stringer.  Because  of  these  results,  compression 
testing  was  carried  out  on  small  plate  specimens  cut  from  the 
flanges  of  the  untested  3(0°)  stringer  samples.  These  plates 
failed  at  only  30  x  103lbs/in.2  This  result  suggests  that  the 
test  procedure  on  the  stringer  was  reasonably  valid  but  that 
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TABLE  LVI 


MEASURED  AND  ESTIMATED  COMPRESSIVE  INITIAL  MODULUS 
AND  ULTIMATE  STRENGTH  OF  STRINGER  CANDIDATES 
OF  "THORNEL"  25/ERL  2256  COMPOSITES 


Shape 

Number 

Plies  & 

Young's  Mod. 

(10h  lb/in.2) 

Strength  ( 1 03  lb/in.2) 

T  etted 

Lay-Up 

Meas. 

Est. 

Meas. 

Est. 

Filament  Wound 

Box  1 

4(  ±45°) 

1.4 

1.  3 

7.  2 

15 

L 

4 

II 

1.4 

1.  3 

7.6 

15 

U 

3 

II 

1.4 

1.  3 

7.  5 

15 

Z  Mold 

Z 

2 

II 

1.2 

1.  3 

9.  0 

15 

L 

1 

II 

1.  3 

1.  3 

10.  5 

15 

Z 

2 

3(±45°  ) 

1.  1 

1.  3 

4.  7 

15 

L 

1 

II 

1.  1 

1.  3 

7.  1 

15 

Z 

3  4(90°,  0",  0° 

,  90°)  5.  0 

5.  3 

13.9 

37 

L 

1 

II 

3.  8 

5.  3 

10.  5 

37 

Z 

1 

3(0°) 

7.  2 

11. 0 

17.  5 

66 

L 

2 

II 

- 

11.0 

25.  3 

66 

* 

2 

It 

- 

11.0 

30.4 

66 

L  Mold 

L 

1 

3(dl  0° ) 

- 

- 

15.  8 

16 

L 

4 

3(0°,  90°, 

o 

0 

O 

7.9 

32.  8 

33 

♦Flat  plate  cut  from  preceding  Z  -  3(0°)  shape. 


the  stringer  material  was  different.  The  fiber  volumes  of  the 

3(0°),  3(+10°),  and  3(0°  .90°  ,0° )  stringers  were  measured  and 

found  to  be  38,  37,  and  4 2  percent,  respectively.  These  fiber 

volumes  account  for  most  of  the  difference  between  stringer 

and  plate  strengths.  Further  work  on  stringer  fabrication  is 

being  carried  out  which  should  result  in  improved  stringer  properties. 
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G.  Crippling  Tests  on  Fiber  Composite  Panel  Elements 

”(K.  H.  Sayers,  W.  N.  Meholick,  and  D.  P.  Haniey,  Bell  Aerosystems) 

A  plate  compression  test  program  has  been  conducted  to  generate  design  data  on 
initial  buckling  and  crippling  allowables  for  web-type  elements.  Such  elements  occur 
in  the  thin-gage,  stiffened  skin  construction  of  the  fuselage  component  (see  Section  X, 
Fuselage  Component  Design  and  Analysis).  An  aspect  ratio  of  four  was  chosen  for  the 
plate  elements  with  the  approximate  width-to -thickness  ratio  b/t  ranging  from  20  to 
60.  Plate  elements  of  the  skin  and  stringers  for  the  fuselage  component  are  consid¬ 
ered  to  have  infinite  aspect  ratios .  Since  buckling  allowables  from  panels  with  aspect 
ratios  equal  to  or  greater  than  four  may  be  treated  as  infinite,  the  proportions  selected 
for  the  test  specimens  are  considered  to  cover  adequately  the  range  of  necessary  design 
values . 

A  plate  element  and  test  assembly  is  shown  in  Figure  178.  The  test  fixture  for 
the  large  plate  size  is  shown  disassembled  with  glass  fiber  composite  specimens  in 
Figure  178a.  The  protruding  drill  rods  are  used  to  approximate  simply  supported 
boundary  conditions.  On  the  right-hand  side  of  the  figure  is  a  fixture  which  is  used  to 
make  parallel  the  "tear-drop"  metal  end  caps.  These  caps  ride  in  grooved  metal  parts 
shown  above  and  below  the  large  specimen.  Figure  178b  shows  an  assembled  fixture 
with  an  instrumented  "Thornel"  40  composite  test  panel  of  intermediate  size..  An  adjust¬ 
ment  feature  to  translate  and  rotate  the  plate  element  is  provided  in  the  test  fixture  at 
each  loading  end  to  assure  load  alignment.  The  alignment  has  been  checked  satisfac¬ 
torily  by  the  output  of  back-to-back  strain  gages  at  the  ends  of  each  specimen.  Engi¬ 
neering  drawings  of  the  test  fixtures  and  assemblies  are  given  in  Figure  179. 

Panel  compression  tests  were  made  on  four  "Thornel"  40  composites  with  over¬ 
all  specimen  dimensions  of  1.12  x  2.50,  1.75  x  5.00,  and  3.00  x  10.00  in.  A  0.25  in. 
overhang  beyond  the  drill  rod  line  of  contact  was  allowed  on  each  long  edge,  and  the 
depth  of  insert  into  the  loading  caps  of  the  short  panel  edges  was  0.50  in.  Thus,  the 
simply  supported  plate  dimensions  were  0.62  x  1.50,  1.25  x  4.00,  and  2.50  x  9.00  in. 
Usually,  three  specimens  were  tested  of  each  size  for  each  of  the  following  four  com¬ 
posites: 

Fiber  Volume  Average 

Plate  No i  Lay-Up  Content  (percent)  Thickness  (in.) 


4(0°,  90°,  90°,  09) 

68 

0.032 

4(90°,  0q,  0°,  00°) 

62 

0.036 

4(909,  ±10°,  90°) 

55 

0.042 

6{*1Q9,  ±45°,  ±10°) 

56 

0.061 

In  each  case,  the  direction  of  loading  was  at  0  degrees;  e.g.,  plate  number  2  was 
tested  with  the  outer  plies  perpendicular  to  the  load  direction. 


-245- 


(a)  Fixture  Disassembled. 


(b)  Assembled  Fixture  and  Instrumented  Specimen. 
Figure  178.  Plate  Element  Crippling  Test  Apparatus. 
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Figures  180  and  181  give  the  results  in  the  manner  suggested  by  Dow  (R  ference 
41)  the  structural  weight  parameter  (plate  weight  per  unit  area  W  divided  by  plate  width 
between  supports  b)  is  plotted  against  Nx/b,  where  Nx  is  the  load  per  inch  based  on 
actual  plate  width.  Both  the  initial  buckling  test  data  and  the  theoretical  curves  are 
given  in  Figure  180;  ultimate  failure  test  data  are  given  in  Figure  181.  Reference 
curves  for  two  widely  used  aircraft  alloys,  7075-T6  clad  aluminum  and  6A1-4V  titan¬ 
ium,  are  included  for  comparison.  The  operation  of  the  test  fixture  was  investigated 
by  conducting  tests  on  7075-T6  aluminum  panels  of  the  same  three  sizes  as  those  for 
the  composite.  The  measured  values  for  initial  buckling,  plotted  in  Figure  180,  agree 
Woll  with  the  reference  curve.  The  ultimate  compressive  failure  data  shown  in  Figure 
181  generally  fall  at  slightly  lower  loads  than  those  predicted  by  the  reference  curves, 
a  condition  which  indicates  the  existence  of  minor  edge  restraint  and  end  cap  fitting 
problems  with  the  test  fixture.  The  theoretical  initial  buckling  curves  were  predicted 
from  the  equations 

w/b  =  P  t/b ,  =  P  /(b/t)  (vnG-i) 


and 


N  /b  =  a  t/b  (VnG  -2) 

x  cr 


where 


<Tcr  =  <27r  2/tb^  <D3  +  y  Di  I)2)  (VUG-3) 

The  Dj,  D2,  and  Dg  are  the  flexural  properties  as  defined  by  Hearmon  (Reference  42), 
t  is  the  plate  thickness,  and  P  is  the  density.  Theory  is  not  available  for  the  predic¬ 
tion  of  post -yield  composite  buckling  behavior. 

The  theoretical  initial  buckling  curves  for  the  graphite  fiber  composites  repre¬ 
sent  approximately  40  and  50  percent  lighter  construction  than  that  for  aluminum  and 
titanium,  respectively.  Most  of  the  composite  experimental  data  points  lie  somewhat 
to  the  left  of  their  respective  performance  curves,  resulting  in  a  lower  load  capability 
than  that  expected.  Nevertheless,  the  experimental  initial  buckling  points  for  the  com¬ 
posites  lie  below  the  aluminum  curve,  indicating  that  the  composites  will  result  in 
lighter  structures.  In  addition,  the  measured  buckling  capability  for  the  composites 
may  be  low  due  to  difficulties  in  determining  initial  buckling.* 


♦During  each  test,  the  load -shortening  curve  was  determined  from  the  deflection 
between  the  loading  platens;  and  the  stress -strain  curve  was  measured  with  strain 
gages.  The  initial  buckling  stress  when  bending  first  occurs  is  determined  from  the 
stress -strain  curve,  and  the  ultimate  crippling  stress  is  obtained  from  the  maximum 
load  carried.  In  all  crippling  tests,  a  constant  crosshead  rate  of'w  0.005  in. /min.  was 
used. 
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BLANK  PAGE 


- 6A1-4V  Titanium  Alloy 


*  Data  to  be  Treated  with  Caution  due  to  Difficulty  Experienced 
in  Detecting  Initial  Buckling,  Especially  Plate  3 


Figure  180.  Weight -Strength  Comparison  for  Initial  Buckling  of  Long,  Flat,  Simply- 
Supported  Rectangular  Panels  of  "Thornel"  40/ERL  2256  Composites 
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*  Data  to  be  Treated  with  Caution 
Due  to  Early  End  Failures ,  with 
3  the  Exception  of  the  Double- 
(lb/in.  )  Underscored  Points 
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Experiment* 


re  181  Weight  -Strength  Comparison  for  Compressive  Failure  of  Long, 

,  Simply-Supported  Rectangular  Panels  of  "Thornel"  40/ERL  2256  Composites 


With  respect  to  ultimate  compressive  failure,  the  test  points  for  the  composites 
lie  about  the  aluminum  reference  curve,  indicating  no  performance  advantage.  How¬ 
ever,  for  several  of  the  composite  specimens  (denoted  by  double  scoring  in  Figure  181) 
the  failures  occurred  in  areas  away  from  the  edges  or  were  due  to  crushing.  These 
points  are  below  the  aluminum  curve,  suggesting  that  the  composite  performance 
should  be  improved  after  improvements  are  made  in  the  test  fixture  (shorter  un¬ 
supported  distances)  and  in  specimen  fabrication  (less  fiber  wash  and  greater  flatness) 

The  aluminum  panels  exhibited  rather  smooth  load -deflection  curves,  and  initial 
buckling  was  observed  visually.  The  large  and  intermediate  size  aluminum  specimens 
generally  buckled  into  three  axial  halt-waves,  and  ultimate  failure  was  due  to  local 
plastic  bending  near  the  loaded  ends.  1  r  the  orthogonal  composites,  when  the  outer 
plies  were  perpendicular  to  the  load  direction  (plate  2),  five  half-waves  were  observed; 
ultimate  failure  appeared  to  be  transverse  normal  fracture  of  the  outer  ply  or  plies. 
When  the  outer  plies  were  parallel  to  the  load  direction  (plate  1),  initial  buckling  was 
generally  observed  as  two  half-waves  which  sna oped -through  to  three  half-waves ; 
this  behavior  resulted  in  a  "stepped"  load -deflection  curve.  The  failure  of  specimens 
from  plate  1  was  generally  more  catastrophic  (accompanied  by  audible  noise  and 
cracking).  Fiber  failures  occurred  in  the  outer  layer(s),  although  the  specimens  did 
not  necessarily  come  apart  into  two.  Most  of  the  specimens  were  weak  in  flexur' 
when  they  were  removed  from  the  test  fixture  and  quite  often  broke  when  the  end  caps 
were  removed.  Most  of  the  composite  specimens  tested  appeared  to  have  localized 
damage  near  the  ends;  the  remaining  surface  area,  apparently  undamaged  recovered 
elastically. 
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H.  Acoustic  Fatigue  Resistance  of  Advanced  Composites 

(S  L.  Cross  and  D.P.  Hanley,  Bell  Aerosystems) 

In  June  1966,  Bell  Initiated  a  six-month  Company-  funded  exploratory  program 
to  gain  and  broaden  experience  with  composites  in  fatigue  applications.  A  specific 
structural  element  was  chosen  for  study  -  the  acoustically  excited  panel  -  which  finds 
application  in  ducted  fan  V/STOL  aircraft  and  air  cushion  vehicles.  The  "Thornel" 
fiber  was  supplied  under  the  ARPA  contract.  This  report  section  highlights  the  results 
of  the  six-month  study. 

The  scope  of  the  study  included  preliminary  design,  material  evaluation,  fab¬ 
rication,  and  component  testing.  Material  selections  were  based  on  strength,  fabri¬ 
cation,  and  damping  characteristics  of  various  composites.  Analytical  studies  and 
correlation  were  conducted  in  parallel  with  the  testing  program.  The  acoustic  environ¬ 
ment  for  evaluation  of  materials  was  provided  with  existing  Bell  facilities.  Panel 
attachment  and  hardware  design  were  established  to  provide  well  defined  boundary 
conditions  and  acoustic  tests  with  glass,  boron,  and  graphite  composites  were  then 
conducted. 

1.  Material  Selection 


The  criteria  in  selecting  materials  for  acoustic  panel  testing  were  strength, 
fabrication,  and  damping  characteristics.  Filament  and  tape-wound  rings  (6-inch 
O.D.  x  1/4-inch  wide  x  l/16-inch  thick)  were  used  initially  to  provide  simple  elements 
readily  adaptable  to  relative  strength  and  damping  property  measurements.  In  addi¬ 
tion,  material  handling  and  fabrication  techniques  could  be  assessed  for  later  applica¬ 
tion  to  flat  panels. 

Rings  were  fabricated  of  fiberglass,  boron,  and  graphite  ("Thornel"  25) 
fibers  with  resin  systems  ranging  in  modulus  from  (approximately)  two-tenths  of  a 
million  to  one  million  psi.  As  a  basis  for  comparison,  rings  were  also  made  of 
machined  2024-T3  aluminum. 

Ultimate  strength  properties  were  determined  by  the  standard  Split-D 
method.  Relative  damping  factors  were  calculated  from  logarithmic  decay  and 
transmissibility  data  from  free  and  forced  vibration. 

Typical  frequency  response  curves  are  shown  on  Figure  182.  The  ratio 
of  output/input  acceleration  is  shown  on  the  ordinate  while  the  ratio  of  forced  to 
natural  frequency  is  plotted  on  the  abscissa.  The  damping  factor  (b)  is  inversely 
proportional  to  the  amplification  at  resonance.  These  tests  were  performed  on  a 
standard  vibration  tester.  The  rings  were  held  vertically  with  respect  to  the  table 
and  vibrated  in-plane  by  a  sinusoidal  input  as  shown  in  Figure  183. 

Figure  184  shows  the  response  of  fiberglass,  boron,  and  graphite  rings  under¬ 
going  free  vibration.  This  mode  was  impulsively  excited.  In  this  case,  the  damping 
factor  (b)  is  a  function  of  the  oscillation  decay  rate.  Peak-to-peak  amplitude, 
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Figure  182.  Forced  Vibration  Transmissibility  (2  g  Input) 


E- 

~  ;  8.  1 

■ , . 

P  si  **  ^WJ 

$  *"  ! 

ii 

<  *  .  t 

*  % 

fciS^kL 

fc4w 

H\l 

• I 

ysi 

k 

mm  i* 

-*N  « 

f 

i 

shown  by  the  dotted  lines,  is  equivalent  to  log's  and  the  time  scale  one-tenth  of  a 
second.  Damping  factors  determined  from  forced  vibrations  agreed  very  well  with 
those  determined  from  free  vibration. 

A  summary  of  the  data  determined  from  these  ring  tests  is  shown  in 
Table  LVII. 

TABLE  LVII 


RING  TEST  RESULTS 


Ring 

Material 

Nat. 

Freq. 
fn  (cps) 

Damping 

Factor 

(b) 

Ring 
Density 
( lb/in. 

Ult.  Ten. 
Strength 

Ftu  (psi> 

S-Glass 

109 

0.0208 

0.0695 

206,000 

107 

0.0237 

0.0801 

279,000 

116 

0.0336 

0.0702 

258,000 

Boron 

207 

0.0183 

0.0741 

120,000 

207 

0.0297 

0.0760 

129,000 

199 

0.0398 

0.0801 

131,000 

Graphite 

178 

0.0273 

0.0472 

94,000 

173 

0.0584 

0.0492 

90,300 

186 

0.0260 

0.0496 

89,200 

Aluminum 

110 

0.0179 

0.100 

68,300 

Natural  frequencies,  average  damping  factors,  density,  and  ultimate  tensile  strengths 
are  given.  The  data  are  tabulated  for  each  fibrous  reinforcement  with  three  matrix 
materials  in  the  order  of  increasing  resin  modulus, ~  0.2,  0.5,  and  1.0  x  106  psi.  It 
had  been  anticipated  that  higher  damping  would  be  associated  with  the  lower-modulus 
resin  systems,  since  they  were  more  elastomeric  and  dissipative;  however,  this 
trend  was  generally  not  observed.  The  relative  stiffness-to-density  ratios  of  the 
various  materials  are  reflected  in  the  natural  frequency  levels.  As  expected,  higher 
stiffness-to-density  ratios  corresponded  to  higher  natural  frequencies.  In  general, 
the  composite  materials  offered  1.5  to  3  times  greater  damping  factors  than  aluminum. 
The  potential  of  graphite,  in  particular,  is  noted  with  the  highest  measured  structural 
damping  capacity.  With  the  exception  of  the  boron  data,  the  ultimate  strength  values 
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are  generally  in  agreement  with  the  literature.  Photomicrographs  of  the  boron  rings 
indicated  void  and  fiber  wetting  problems,  which  are  believed  associated  with  their 
somewhat  lower  strength  levels. 

Poor  fiber  wetting  was  also  experienced  with  the  high-modulus  resin  sys¬ 
tem  (ERL  4305)  and  carbon  fiber.  An  indication  of  this  is  i  ted  in  the  low  damping 
factor  for  graphite  with  the  high-modulus  resin.  The  low-modulus  system  (ERL  4221) 
offered  lower  damping  and  low  stiffness.  In  view  of  these  factors  and  processing 
considerations,  the  medium-range  modulus  resin  (Epon  828/1031)  was  selected  for 
the  fabrication  of  panels. 

To  supplement  the  experimental  ring  testing,  studies  were  also  made  to 
define  analytically  the  lynamic  stress  and  deflection  response  of  the  rings  at  reso¬ 
nance.  A  discrete  element  computer  program  was  utilized  to  verify  the  stress  pro¬ 
files  under  forced  vibration.  The  theoretical  and  experimental  results,  the  latter 
obtained  from  strain  gage  and  displacement  measurements,  compared  extremely 
well. 


2.  Acoustic  Environment 


Following  the  preliminary  material  evaluation,  a  study  was  completed  to 
determine  the  desirable  acoustic  operating  levels.  The  facilities  at  Bell  have  the 
capabilities  of  operating  at  discrete  or  random  frequencies  between  130  and  450  cps. 
Sound  pressure  level  may  be  controlled  within  the  range  of  135  to  164  db. 

Discrete  frequencies  at  panel  resonance  were  desired  in  view  of  the 
potential  application  to  the  X-22A  V/STOL  duct  structure.  A  panel  size  of  8  x  8-inches 
was,  therefore,  chosen  based  upon:  (1)  resonance  between  130  and  450  cps,  (2)  acoustic 
chamber  size,  and  (3)  sound  pressure  level.  Analysis  of  the  aluminum  panels  indicated 
that  a  sound  pressure  level  of  157  db  would  be  required  for  fatigue  within  the  pre¬ 
selected  time  of  two  hours  for  a  panel  thickness  of  0.025-inch. 

The  composite  panels  were  initially  designed  to  be  of  weight  approximately 
equal  to  the  aluminum  panels.  Thus,  with  an  orthogonal  0-90°  lay-up,  p -plies  of 
fiberglass,  5-plies  of  boron,  and  5-plies  of  graphite  were  required.  Difficulties  were 
encountered  with  the  fabrication  of  the  6-ply  fiberglass  panels.  Anticlastic  curvature 
was  observed  upon  removal  of  the  panels  from  the  molds.  This  problem  was  re¬ 
solved  by  going  to  a  5-ply  thickness  to  provide  symmetry  about  the  geometric  center 
of  the  panel  cross-section.  Panel  natural  frequencies  were  predicted  based  on 
theory  by  Hearmon  (Reference  42).  Composite  stiffnesses  and  elastic  property  data 
were  obtained  from  Bell’s  computer  program.  Predicted  natural  frequencies  were 
165  cps,  145  cps,  199  cps,  and  281  cps  for  the  aluminum,  fiberglass,  boron,  and 
graphite  panels.  Calculations  were  made  to  determine  the  desired  sound  pressure 
level.  Based  on  stress  predictions,  it  was  determined  that  a  sound  pressure  level 
of  160  db  was  required. 
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3.  Hardware  Design 


Since  the  acoustic  chamber  has  a  rectangular  (21  x  36-inch)  test  section, 
it  was  possible  to  design  hardware  for  mounting  three  panels  in-line.  Bonded  edge 
constraint  was  used  so  that  inherent  stress  concentrations  associated  with  mechani¬ 
cal  fasteners  might  be  eliminated.  The  design  is  shown  in  Figure  185.  Epon  927 
room  curing  adhesive  was  used  for  bonding  the  panels  to  the  frames.  As  noted  in 
the  diagram,  pins  were  provided  to  ensure  alignment  between  the  top  and  bottom 
frames. 


Three  of  these  bonded  assemblies  were  clamped  between  two  main  support 
plates  which  were  in  turn  mounted  in  the  acoustic  chamber.  A  complete  assembly  in 
the  acoustic  chamber  is  shown  in  Figure  186.  Although  somewhat  difficult  to  see  in 
this  figure,  the  basic  operation  of  the  facility  may  be  described  as  follows.  The 
sound  source  progresses  through  from  right  to  left  in  the  enclosed  portion  below  the 
panels.  Sound  is  generated  through  air-driven  modulators  and  passed  through 
exponential  horns  into  the  test  compartment. 

4.  Test  Results 

The  acoustic  test  conditions  and  general  results  are  shown  in  Table  LVIII. 


TABLE  LVIH 


PANEL  TEST  CONDITIONS 

Material 

Freq. 

(cps) 

Sound 

Pressure 

Level  (db) 

Total  No. 
Cycles 

RMS  Stress 

2  -  Ply  Dir. 

Aluminum 

148 

152 

9  x  10° 

7,070 

S-Glass 

150 

160 

2.5  x  106 

14,000 

Boron 

190 

160 

2.9  x  106 

37,900 

Graphite 

230 

160 

4.6  x  106 

14,100 

Figure  185,  Panel  Bonding  Method 


Figure  186.  Panel  Installation  in  Acoustic  Chamber 


Frequency,  sound  pressure  level,  total  cycles  of  exposure,  and  RMS  stress  are  tabula¬ 
ted.  The  total  number  of  cycles  do  not  represent  fatigue  failure.  Time  limitations  of 
the  program  and  earlier  difficulties  in  materials  procurement  precluded  longer  dura¬ 
tion  tests.  . 

Natural  frequencies  were  determined  while  the  frequency  was.  scanned  at 
low  sound  pressure  level  by  monitoring  strain  gages  and  accelerometers.  Aluminum 
and  fiberglass  resonance  was  verified  as  indicated.  Boron  panels  resonated  at  230  cps 
while  resonant  peaks  at  180,  230,  350,  and  380  cps  were  observed  on  the  graphite 
panels.  The  three  carbon  panels  did  not  show  resonance  at  the  same  frequency.  This 
same  problem  was  encountered  with  the  other  panel  materials  but  to  a  lesser  degree. 
Slight  differences,  as  experienced  with  aluminum,  fiberglass,  and  boron  were  antici¬ 
pated  because  of  minor  changes  in  the  sound  field  through  the  acoustic  chamber. 

When  the  sound  pressure  was  raised  to  the  desired  operating  level,  a 
major  problem  developed  which  had  not  been  anticipated.  At  142  db,  two  of  the  three 
aluminum  panels  experienced  snap-through  or  "oil-canning".  Fatigue  failure  resulting 
from  this  type  of  response  would  not  be  comparable  to  conventionally  encountered 
fatigue  environments.  As  a  consequence,  the  two  panels  were  damped  and  the  sound 
pressure  was  raised  to  152  db.  The  test  was  continued  at  this  level  for  9  million 
cycles  at  cn  indicated  RMS  stress  of  7,070  psi.  No  failure  was  observed.  Similar 
conditions  resulted  with  fiberglass  and  boron  but  at  much  higher  db  levels.  One 
fiberglass  panel  was  damped  and  the  other  two  exposed  to  160  db  for  the  period  shown. 

A  history  of  progressive  resin  crazing  was  observed  with  the  fiberglass. 

At  43  minutes,  resin  crazing  was  noted  at  the  edges.  This  crazing  became  more 
severe  after  one  hour,  although  still  confined  to  the  edges.  After  approximately 
three  hours,  the  crazing  was  noted  over  the  entire  panel.  The  test  was  continued 
for  another  hour  and  terminated.  No  fiber  breakage  was  observed. 

Operating  conditions  were  altered  slig-itly  with  the  boron  in  light  of  "oil¬ 
canning"  at  155  db.  Frequency  was  dropped  off  resonance  to  190  cps  and  the  sound 
pressure  raised  to  160  db  with  no  "oil-canning".  The  test  was  terminated  after  2.9 
million  cycles  with  no  visible  resin  crazing  or  fiber  breakage.  Upon  removal  from 
the  acoustic  chamber,  bond  failure  was  noted  between  the  panels  and  the  aluminum 
frames.  From  the  appearance  of  the  bond  surface,  poor  bonding  was  suspected. 

No  problems  with  "oil-canning"  were  experienced  with  the  graphite  panels. 
As  noted,  operation  continued  at  160  db  for  4.6  million  cycles.  No  resin  crazing  or 
fiber  breakage  was  observed;  however,  a  degree  of  panel  unbonding  was  discovered 
following  removal  of  the  panels  from  the  chamber. 


Summary 


A  six-month  exploratory  program  involving  fabrication  and  testing  of  fiber- 
composite  materials  under  dynamic  loading  conditions  has  been  completed. 
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Ring  testing  provided  quantitative  data  relative  to  material  damping,  fre¬ 
quency,  and  strength.  Although  results  obtained  on  panel  testing  were  qualitative  to  a 
large  degree,  definite  potential  has  been  demonstrated  by  certain  composite  materials. 
High  damping  and  evidently  equivalent  acoustic  fatigue  resistance  was  shown  by  graphite 
and  boron,  however,  actual  fatigue  life  was  not  determined.  Specimens  will  be  cut 
from  these  panels  and  tension  tested.  Results  will  be  compared  with  specimens  cut 
from  control  panels  which  were  not  subjected  to  the  fatigue  environment. 

Manufacturing  feasibility  of  representative  skin  elements  was  also  demon¬ 
strated.  Curved  panels  (~  24  x  24-inches)  of  five  ply,  ±20°  bidirectional,  glass  and 
graphite  tape  were  fabricated  .  These  duct-section  elements,  Figure  187  showing  the 
configuration,  are  demonstration  items  for  the  potential  X-22A  application. 

Work  in  the  ARPA  graphite  fiber  composite  materials  program  has  con¬ 
tinued  to  show  large  potential  weight  advantages  of  graphite  composite  over  aluminum 
construction  for  the  representative  fuselage  application*  The  present  X-22A  aluminum 
duct  structure  weighs  295  lb/aircraft.  Preliminary  design  calculations  estimate  that 
this  weight  might  be  reduced  to  143  lb/aircraft  with  graphite  composite  redesign. 

Thit  structural  weight  reduction  would  allow  for  a  ~  20%  payload  increase  for  the  air¬ 
craft.  Future  efforts  in  Bell’s  internally  supported  research  will  be  applied  toward 
verification  of  this  potential  contributing  simultaneously  toward  the  goals  of  the 
present  program. 
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SECTION  VIII 


MICROMECHANICS  AND  PREDICTED  DESIGN  DATA 
FOR  FIBER  COMPOSITES 


The  initial  adaptation  of  a  new  constituent  material,  design  concept, 
or  fabrication  technique  to  a  single  composite  application  can  be  accomplished 
through  an  iterative,  but  often  expensive,  design  test  program.  However, 
efficient  and  economical  utilization  of  these  advances  in  a  variety  of  struc¬ 
tural  applications  requires  reliable  micromechanic  theories  for  the  prediction 
of  design  data.  Microstress  analyses  also  provide  a  basis  for  seeking  to 
improve  the  design  of  composites  at  the  ply  or  laminate  level.  The  full  poten¬ 
tial  of  composite  materials  in  widespread  structural  applications  can  be  real¬ 
ized  only  if  reliable  design  data  can  be  generated  analytically  from  constit¬ 
uent  material  properties. 

In  order  to  establish  validated  design  procedure  and  generate  engineer¬ 
ing  property  data  for  graphite  fiber  composites,  the  following  projects  were 
undertaken.  Section  VIII  A  reports  on  a  survey  and  comparison  of  the  present 
analytical  methods  available  for  the  prediction  and  orthotropic  elasticity 
properties  and  raises  a  question  concerning  the  graphite  fiber  shear  modulus. 
A  comparison  of  predicted  and  experimental  composite  elastic  properties  is 
given  in  Section  VIII  B  for  "Thornel"  25  and  40  systems.  Available  failure 
criteria  for  glass  and  graphite  fiber  composites  subjected  to  multiaxial 
stresses  are  compared  with  test  results  iri  Section  VU3  C.  Section  VIII  D 
reports  comparisons  of  predicted  and  measured  multidirectional  composite 
strengths.  Section  VIII  E  describes  research  in  microBtress  analysis  of 
fiber  composite  mathematical  models.  Section  VIII  F  contains  an  analytical 
study  of  the  stress  and  strain  concentration  due  to  a  cylindrical  inclusion 
in  an  elasto  plastic  matrix  material.  Photo  elasticity  work  on  two-  and  three- 
dimensional  physical  models  is  reported  in  Section  VIII  G.  Preliminary 
experimental  failure  mechanics  studies  are  described  in  Section  VIII  H. 
Finally,  a  bonding  stress  analysis  of  laminated  cylindrical  shells  subjected 
to  various  loadings  is  reported  in  Section  VIII  I. 


A.  Elastic  Properties  for  Fiber  Composites 
(Professor  Kicher  and  Mr"  D.  Chao) 

A  survey  on  the  elastic  properties  of  fiber  composites  was  made  during 
the  last  year.  The  main  purposes  of  this  survey  are  to  compile  information 
from  che  existing  analytical  methods  for  predicting  elastic  constants  of  fiber 
composites  and  to  study  the  possibilities  of  applying  these  methods  to  com¬ 
posites  reinforced  with  anisotropic  carbon  fibers. 

A  detailed  report of  this  work  has  been  released  recently,  titled 
"A  Study  of  Elastic  Properties  of  Filamentary  Composites,  Part  I  -  Two  Dimen¬ 
sional  Mechanical  Properties". 

Analytical  methods  for  various  models  were  briefly  described  in  this 
report.  Nunerical  results  of  the  principal  elastic  constants  from  different 
theories  are  compared’ with  one  another  and  with  experimental  data.  Methods 
for  determining  the  elastic  properties  of  anisotropic  laminates  are  also  given 
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in  the  report.  The  subsequent  results  for  anisotropic  laminates  are  presented 
for  comparisons.  The  most  interesting  observation  is  that  the  transverse 
modulus  for  an  orthotropic  fiber  composite  is  virtually  independent  of  fiber 
volume  as  shown  in  Figure  188. 

Recently,  more  experimental  data  concerning  the  graphite  fiber  com¬ 
posites  have  been  obtained.  A  comparison  of  predicted  and  measured  com¬ 
posite  properties  was  made  at  Bell  (sec  Section  VIII  B).  The  shear  moduli 

of  the  carbon  fibers,  5  x  10^  psi  for  "Thornel"  25  and  4  x  10^  for  "Thomel" 

40,  must  be  examined  carefully.  These  values  were  obtained  by  selecting  fiber 
shear  moduli  which  yielded  a  "best  fit"  with  the  experimental  data  using 

Whitney's  micromechanics  model. ^  It  can  be  established  that  Whitney's  expres¬ 
sion 


I  (Of  *  V  -  <Gf  -  V  V  Gm 

(Gf  -  <rr^ 


(VIII  A-l) 


gives  a  modulus  about  301  lower  than  the  experimental  data  for  glass  fiber  com¬ 
posites  as  shown  in  Figure  189.  Since  this  expression  is  valid  for  both  iso¬ 
tropic  and  orthotropic  fibers,  it  is  reasonable  to  assune  that  it  will  also 
give  a  value  approximately  305  lower  than  test  data  for  graphite  fiber  composites. 
If  the  shear  modulus  as  calculated  using  Equation  VIII  A-l  is  multiplied  by  a 
factor  of  1.4,  better  correlation  with  experimental  data  is  obtained.  The 
shear  modulus  thus  obtained  using  a  "best  fit"  with  experimental  data  is  approxi¬ 
mately  1.2  x  10^  psi  for  both  "Thomel"  25  and  40.  The  fiber  data  and  elastic 
constants  for  both  "Thornel"  25  and  40  using  a  fiber  shear  modulus  of  1.2  x 

106  psi  are  given  in  Tables  LIX  and  LX  respectively.  Further  studies  to  deter¬ 
mine  a  more  reliable  value  for  the  fiber  shear  modulus  are  therefore  indicated. 


TABLE  LIX 


FIBER  AND  MATRIX  PROPERTIES 
USED  IN  ANALYTICAL  PREDICTIONS 


Property 

Resin 

ERL  2256 
/MPDA 

"Thomel" 

25 

Fiber 

40 

el 

0.57 

25. 

{ 

40. 

— 

1.2 

1.1 

glt 

0.209 

1.2 

1.2 

VLT 

0.36 

0.25 

0.25 

WTT 

.... 

0.25 

0.25 

Unit*  Moduli 


-10^  psi 


MODULUS  GITxlO“ePSI 


FIcAMEMT  BY  VOLUME,  Vf  (%) 


figure  188.  Ep  Of  Carbon -Epoxy  Matrix  Composites  Vs.  V^. 


FILAMENTS  BY  VOLUME,  Vf  (%) 

Figure  189.  Gjj  of  E  Glass-Epoxy  Composites  Versus  V^. 
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TABLE  LX 


PREDICTED  AND  MEASURED  ELASTIC  PROPERTIES 
FOR  UNIDIRECTIONAL  "THORNEL"  25  AND  40  /ERL  2256  COMPOSITES 


Property 

"Thomel" 

25 (Vf  =  50%) 

’’Thomel"  40(V£  =  65%) 

Measured 

Predicted 

Measure 1 

Predicted 

Ei 

11.07 

12.78 

24.6 

26.2 

E2 

1.05 

1.06 

0.95 

1.05 

G12 

0.60 

0.610 

0.74 

0.783 

v12 

0.29 

0.31 

0.29 

0.295 

V21 

0.027 

0.026 

0.011 

0.012 

Unit:  Moduli  -  10^  psi 


3  Comparison  of  Predicted  and  Measured  Composite  Elastic  Properties 
(D.P.  Hanley,  Bell  Aerosystems,  and  G.B.  Spence,  Union  Carbide) 

Since  measuring  the  elastic  properties  of  all  composite  lay-up  patterns  of  interest 
to  the  designer  is  prohibitively  expensive,  methods  of  proven  reliability  must  be  em¬ 
ployed  for  predicting  these  properties.  For  the  properties  of  unidirectional  composites, 
Whitney’s  micromec’ianics  model  (Reference  44)  which  takes  into  consideration  the 
anisotropy  in  the  fiber  properties,  has  been  used.  So  that  the  effects  of  fiber  anisotropy 
might  be  investigated,  calculations  have  also  been  made  with  isotropic  fiber  properties. 
The  fiber  and  matrix  properties  used  as  input  data  for  these  calculations  are  given  in 
Table  LXI. 

TABLE  LXI 


FIBER  AND  MATRIX  PROPERTIES 
USED  IN  ANALYTICAL  PREDICTIONS 


Property 

Resin 

ERL  2256 
/MPDA 

it' 

Iso¬ 

tropic 

Thornel"  25 
Aniso¬ 
tropic 

"Thornel"  40 
Iso-  Aniso¬ 
tropic  tropic 

el  ■  1/sn 

0.57 

25 

25 

40 

40 

ET  =  l/s22 

25 

1.2 

40 

1.1 

GLT  ■  1/S66  • 

0.209 

10 

5 

16 

4 

vVT  -  -812/8U 

0.36 

0.25 

0.25 

n.25 

0.25 

VLT  ="S12^S22 

0.25 

0.012 

0.25 

0.0069 

VTT  =  -S23^U22 

0.25 

0.25 

0.25 

0.25 

6 

Unit:  Moduli  -  10 

psi 

— 

Transformations  and  laminate  stacking  procedures  used  in  predicting  the  elastic  pro¬ 
perties  of  multidirectional  composites  have  been  based  on  Greszczuk  s  equations  (Ref¬ 
erence  45).  Unidirectional  composite  properties  based  oil  both  values  have  been  used 
as  the  input  data  for  the  prediction  of  multidirectional  composite  properties. 

In  Section  VIII  A,  evidence  was  cited  that,  if  true  values  of  the  fiber  and  matrix 
shear  moduli  are  used,  the  composite  modulus,  given  by  Equation  VIIIA-I,  should  be 
multiplied  by  a  factor  of  approximately  1.4.  Alternatively,  another  analytical  procedure 
for  computing  the  unidirectional  composite  shear  modulus  might  be  more  accurate. 

In  order  to  be  able  to  procede  with  the  present  studies  before  these  questions  are 
resolved  and  because  the  true  shear  modulus  of  the  graphite  fiber  is  not  known,  a 
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somewhat  empirical  procedure  was  adopted.  Values  of  the  shear  modulus  of  the  fiber 
were  chosen  so  that  the  unidirectional  shear  modulus  given  by  Equation  VIUA-1  with¬ 
out  a  correction  factor  agrees  with  the  measured  value.  This  procedure  led  to  the 
use  of  5  and  4  x  106  psi  for  the  shear  modulus  of  "Thornel"  25  and  40,  respectively, 
in  contrast  to  the  use  of  1.2  x  10®  psi  when  a  correction  of  1.4  is  applied  to  Equation 
VIII  A- 1 . 

The  elastic  properties  of  unidirectional  "Thornel"  25  and  40  composites  have 
been  predicted  with  both  the  isc^opic  and  anisotropic  fiber  models.  The  results, 
given  in  Table  LXII,  may  be  co.  pared  with  values  measured  on  a  single  plate  of  each 
composite. 


TABLE  LXII 

PREDICTED  AND  MEASURED  ELASTIC  PROPERTIES  FOR 
UNIDIRECTIONAL  "THORNEL"  25  AND  40/ERL  2256  COMPOSITES 


Predicted  for 

Isotropic 

Anisotropic 

Fiber  and  Property 

Fiber 

Fiber 

Measured 

"Thornel"  25  Composites: 

Fiber  Volume 

=  50  percent 

E1  = 1^S11 

12.78 

12.78 

11.07 

E2  = 1/S22 

2.12 

1.05 

1.05 

G12  "  1/S66 

0.518 

0.565 

0  60 

"l2  * -S12/Sll 

0.309 

0.310 

0.29 

^21  =  ”S12^S22 

0.051 

0.025 

0.027 

"Thornel"  40  Composites: 

Fiber  Volume 

=  65  percent 

Ei  =  1/sn 

26.20 

26.19 

24.60 

E2 ' 1/S22 

3.29 

1.04 

0.95 

G12  "  1/S66 

0.931 

0.799 

0.74 

"l2  = -S12/Sll 

0.292 

0.293 

0.29 

*21  =  ~S12/S22 

0.037 

0.012 

0.011 

6 

Unit:  Moduli  -  10  psi 

Estimated  experimental  error  s  are  5  percent  in  E^  and  E^,  10  percent  in  G, 
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and  *^2’  5  percent  in  the  modulus  of  the  fibers  used  in  these  plates,  a  ad  2  percent  in 

the  fiber  volume  content  of  the  plates;  fiber  misalignment  caused  an  additional  but  un¬ 
known  error.  Several  iterations  with  different  input  anisotropic  fiber  properties  in¬ 
dicate  that  the  values  given  in  Table  LXI  are  physically  reasonable  and  give,  with  the 
anisotropic  fiber  micromechanics  model,  satisfactory  predictions  of  unidirectional 
composite  elastic  properties.  On  the  other  hand,  the  isotropic  fiber  model  gives  un¬ 
satisfactory  predictions  of  the  transverse  modulus  and,  therefore,  of  v  The 

present  work  suggests  that,  for  the  graphite  fiber,  E  and  G  (and  probably  v 

T  LT  LT 

and  v  „)  depend  upon  the  longitudinal  fiber  modulus  E  ;  but  further  work  over 

wider  ranges  of  fiber  modulus  and  fiber  volume  content  must  be  made  before  these 
dependences  can  be  determined. 

The  variation,' of  Young's  modulus  E,  Poisson's  ratio  v ,  and  shear  modulus  G 
with  polar  angle  Q  has  been  calculated  through  the  use  of  standard  transformation 
formulas  and  the  principal  elastic  properties  E  ,  E  ,  Jy  and  G  .  Curves  based 

X  l*  Ll*  1 L* 

on  the  three  sets  of  properties  given  in  Table  LXII  for  a  9-ply  unidirectional  "Thornel" 
25  composite  are  shown  in  Figure  1 90;experimental  data  obtained  from  tensile  speci¬ 
mens  oriented  at  0,  10,  20,  45,  and  90  degrees  are  also  shown.  The  dotted  curve  for 
the  anisotropic  fiber  model  is  in  good  agreement  with  the  solid  curve,  which  repre¬ 
sents  a  beat-fit  of  the  experimental  data;  but  the  large  error  in  the  value  of  E 

2 

predicted  by  the  isotropic  fiber  model  causes  correspondingly  large  errors  in  the 
v -versus-  9  and  G-versus  9  dashed  curves  for  this  model.  Similar  curves  and 
measured  data  are  given  in  Figure  191  for  a  4-ply  "Thornel"  25  composite  with  a 
(0  ,  90°,  90°,  0°)  lay-up.  Bidirectional  composite  properties  (dotted  curve)  pre¬ 
dicted  from  properties  measured  on  a  unidirectional  composite  of  the  same  fiber 
volume  content  are  in  good  agreement  with  measured  bidirectional  data  (solid  curve). 
For  most  preliminary  design  studies,  bidirectional  composite  properties  predicted 
from  constituent  properties  with  the  anisotropic  fiber  model  (dashed  curve)  would 
also  be  satisfactory;  however,  the  greater  accuracy  of  properties  based  on  measured 
unidirectional  values  is  evident. 

Jnly  a  small  number  of  plies  are  needed  in  many  applications  of  advanced  com¬ 
posite  materials.  In  such  cases,  the  response  of  the  material  in  bending  is  very 
different  from  the  response  to  an  in-plane  membrane  load.  This  difference  is  illus¬ 
trated  in  Figure  192,  which  gives  the  so-called  principal  equivalent  moduli  in  bend¬ 
ing,  E  B  and  E  B,  and  the  ordinary  principal  membrane  moduli,  E  M  and  E  M, 

L  Ct  12 

versus  number  of  plies  for  "Thornel"  25  composites  with  alternating  0°  and  90°  lay¬ 
ups.  The  curves  were  calculated  from  the  measured  unidirectional  composite  pro¬ 
perties  given  in  Table  LXII.  Each  point  represents  one  static  tensile  or  bend  test 
measurement,  but  the  data  for  each  plate  have  been  normalized  to  a  standard  fiber 
volume  of  50  percent  and  fiber  modulus  of  25  million  psi.  For  composites  with  an 
odd  numlter  of  plies,  the  difference  between  membrane  and  bending  moduli  is  very 
pronounced  if  the  number  of  plies  is  less  than  approximately  fifteen.  For  an  even 
number  of  plies,  the  difference  is  much  less  but  is  still  significant  for  2  and  4  plies. 
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Poisson's  Ratio  v  Young’s  Modulus  E  (lcfi  psi) 


14 


Calculated  From 


i 

i 


I 


Poisson's  Ratio  U  Young's  Mod  E  (10  psi) 


8 


Angle  of  Test  Specimen  0  ( deg) 


- Measured  Cross-Plied  Properties 

- Measured  Unidirectional  Properties 

- Anisotropic  Fiber  Model 

O  Q  Experimental  Data 


Figure  191.  Elastic  Properties  versus  Angle  of  Test  Specimen  for 
Four- Ply  ( 0* ,  90* ,  90® ,  0°)  "  Thornel"  25 /ERL  2256  Composite 
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Only  a  limited  amount  of  experimental  data  is  available  for  "Thornel"  40  com¬ 
posites.  Initial  measurements  of  elastic  properties  are  given  in  Table  LXm  for  four 
candidate  skin  and  stringer  lay-up  patterns.  The  predicted  values  are  based  on  the 
measured  unidirectional  properties  given  in  Table  LXII  and  on  an  assumed  thickness 
per  ply  of  0.010  inch.  When  allowance  is  made  for  the  difference  between  the  true 
fiber  volume  content  of  the  plates  and  the  value  of  65  percent  used  in  the  calculations, 
the  measured  and  predicted  membrane  properties  usually  differ  by  less  than  10  per-^ 
cent.  For  all  of  the  lay-up  patterns  listed  in  Table  LX1II  except  the  4  (10  ,-10  r  -10  , 10  ) 
pattern,  the  predicted  values  of  Poisson's  ratios  are  different  for  bending  loads  than 
for  membrane  loads.  Although  the  experimental  values  are  not  very  accurate,  par¬ 
ticularly  for  bending  loads,  the  trend  of  the  data  confirms  the  theoretical  predictions. 

The  present  work  indicates  that  the  elastic  properties  of  multidirectional  high- 
modulus  graphite  fiber  composites  with  resin  matrices  can  be  predicted  to  within 
approximately  10  percent,  based  on  measured  unidirectional  composite  properties, 
and  to  within  approximately  20  percent,  based  on  constituent  properties  and  the  aniso¬ 
tropic  fiber  njodel.  This  capability  is  satisfactory  for  preliminary  design  with  graph¬ 
ite  fiber  composites.  As  additional  fabrication  experience  is  obtained  and  as  the  fiber 
properties  become  more  uniform  and  better  known,  the  agreement  between  measured 
and  predicted  values  will  certainly  improve. 

C.  Failure  Criteria  for  Fiber  Composites 

(K.H.  Sayers,  D.P.  Hanley,  Bell  Aerosystems,  and  G.B.  Spence,  Union  Carbide) 

This  report  section  considers  the  prediction  of  the  strength  of  a  single  layer 
(lamina)  of  composite  material.  This  layer  may  be  one  of  many  within  a  laminate,  in 
which  case  the  stresses  acting  on  each  lamina  are  first  calculated  from  the  applied 
loads  and  the  characteristics  of  the  laminate. 

The  problem  then  is  to  predict  those  combinations  of  stresses  (er i,  o^.  and 
t12)  applied  to  the  lamina  shown  in  Figure  193  which  cause  the  lamina  to  fail. 

_ jt  is  assumed  that  the  strengths  in  the  1,2,  and  12  directions  are  known  when 

the  stresses  cri,  &2.  and  f12  are  applied  separately.  These  strengths  are  denoted 
as  X,  Y,  and  T  respectively:  Further,  as  the  values  of  X  and  Y  may  be  quite  different, 
depending  on  whether  the  applied  stresses  are  tensile  or  compressive,  this  must  be 
taken  into  account  when  formulating  a  failure  criterion. 

Since  a  plane  stress  problem  is  involved  with  only  three  variables,  a  failure 
criterion  may  be  defined  in  a  three-dimensional  space  as  illustrated  in  Figure  194. 

In  this  figure,  normalizing  stress  ratios  A,  B,  and  C  have  been  introduced  (defined  in 
Table  IJQV)  to  avoid  the  distended  shapes  that  would  result  if  <J\,  0 2  ^  T12  were 
plotted  directly.  If  the  applied  stresses  are  such  that  a  point  (A,B,C)  is  within  the 
"solid"  formed  by  the  failure  surface,  then  failure  has  not  occured.  If  point  (A,  B,C) 
is  outside  the  "solid",  the  strength  has  been  exceeded  and  nonlinear  analysis  (see 
Section  IIIG)'  is  required  generally  to  predict  material  behavior  beyond  yield  to  ulti¬ 
mate  strength.  The  present  work  does  not  consider  the  more  complicated  effects  of  such 
nonlinearity  . 
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TABLE  LXIII 


EM-  Meas. 

1  Pred. 

11.8 

9.4 

21.6 

14.2 

12.81 

12.11 

22.48 

15.88 

E  B  -  Meas. 

1  Pred. 

4.17 

3.12 

19.0 

17.3 

3.91 

3.64 

22.48 

21.75 

E  M  -  Meas. 

12.0 

11.0 

,  1.05 

2.0 

Pred. 

12.81 

12,82 

0.98 

2.75 

E  B  -  Meas. 

17.3 

16.7 

1.25 

1.20 

Pred. 

21.64 

21.65 

0.98 

1.05 

G„  „M  -  Meas. 

0.62 

0.84 

1.5 

2.7 

12  Pred. 

0.74 

1.06 

1.39 

3.02 

G  B  -  Meas. 

Li  Pred. 

0.74 

0.82 

1.39 

1.57 

V,  „M  -  Meas. 

0.03 

0.05 

0.98 

0.86 

12  Pred. 

0.0216 

0.0467 

0.904 

0.820 

1 /  B  -  Meas. 
Pred. 

0.01 

0.03 

0.76 

0.8 

0.0127 

0.0163 

0.904 

0.894 

l/n1M  -Meas. 

0.03 

0.06 

0.047 

0.12 

21  Pred. 

0.0216 

0.0494 

0.0396 

0.142 

1/  „  B  -  Meas. 

0.062 

0.098 

0.019 

C  07 

Pred. 

0.0705 

0.0968 

0.0396 

0.0430 

Vf  -  Meas.  (%) 

64 

57 

69 

56 

fi  _ 

Unit:  Moduli  in  10  psi.  All  predicted  values  are  for  a  fiber  volume  of  65  percent  and 

are  based  on  the  measured  unidirectional  composite  properties  given  in  Table  LXII 

and  a  thickness  per  ply  of  0.010  in. _ 
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1.  Types  of  Criteria  Available 


The  selection  of  a  unique  criterion  to  define  the  strength  of  composites  ,.® 
very  difficult  due  to  the  high  degree  of  material  anisotropy  and  to  their  nonhomogen- 
eous  nature,  which  restricts  the  applicability  of  certain  theories  developed  for  aniso¬ 
tropic  metals. 

To  define  the  strength  of  composites,  the  following  criteria  are  available  and 
may  be  divided  into  two  types:  (1)  criteria  derived  from  theories  developed  for  aniso¬ 
tropic  metals  and  (2)  empirical  interaction  equations  derived  mainly  from  the  study  of 
test  results  for  wood  and  glass  composite  materials.  These  criteria  are  summarized 
in  Table  LXIV. 


TABLE  LXIV 

SUMMARY  OF  STRENGTH  CRITERIA 


Expression 

Reference 

Comment 

(1)  A2-(Y/X) ab+b2+c2  =  1 

17 

Hill-type  criterion  developed 
for  metals 

(2)  A2+B2+C2  -  1 

46 

Based  on  wc  Jd  technology 
(ANC-18) 

(3)  A2-ABfB2+C2  =  1 

47 

Based  on  glass  fiber  work 
(MIL-HDBK-17) 

(4)  A2-KAC+B2+C2  =  1 

48 

Based  on  glass  fiber  work 
(Grumman) 

Definitions 


A=  <r,/X 

jh 

B  =  <T2/Y 
C=T12/T 


K  * 


E,  (1  ♦  V  +  E2  (1+  y12) 


1  E2  <l  +  *  21>  (1  +  V12> 


In  addition,  criteria  are  available  involving  only  two  of  the  three  variables  A,  B  and  C 
(Reference  49),  which  are  not  usable  in  the  general  case.  Some  involve  these  three 
quantities  but  use  coefficients  which  are  not  specified  directly  (see  Sections  HI  F  and 
IX  F).  The  maximum  strain  approach  (Reference  5D)  has  also  been  applied  to  compo¬ 
site  materials.  This  criterion  has  been  shown  to  predict  yield  strength  less  well  than 
the  Hill-type  criterion  for  boron  laminates  (Reference  50). 
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2. 


Comparison  of  Theories 


The  criteria  given  above  may  be  compared  by  examining  the  traces  in  the 
BC,  AC  and  AB  planes  as  designated  in  Figure  195.  For  this  purpose,  A,  B,  and  C 
are  each  in  turn  set  equal  to  zero,  and  the  resulting  expressions  are  given  in  Table 
LXV.  A  comparison  of  the  theories  with  experimental  data  is  given  in  the  next  sec¬ 
tion. 


TABLE  LXV 

COMPARISON  OF  FAILURE  CRITERIA 


BC  Plane 

AC  Plane 

AB  Plane 

Expression 

A  =  cr  =o 

1  i 

B  =  <r2  =  0 

c  -  1  12  -  0 

(1) 

2  2 

B  -*•  C  =  1 

A2  +  C2  =  1 

A2  AB  +  B2  =  1 

X 

(2) 

2  2 

B  +  C  =  1 

A2  +  C2  =  1 

A2  -  AB  +  B2  =  1 

(3) 

2  2 

B  +  C  =  1 

2  2 

A  +  C  =  1 

2  2  , 

A  +  B  =  1 

(4) 

2  2 

B  +  C  =  1 

A2  -  KAC  +  C2  =  1 

*2  _2  . 

A  +  B  =  1 

In  most  cases,  the  four  expressions  become  the  same  on  a  given  plane. 

The  traces  are  plotted  for  each  of  the  three  planes  on  Figure  195.  Data  currently  In 
use  for  unidirectional  "Thornel"  25  graphite  yarn  are  used  to  determine  the  coeffi¬ 
cients  K  (=  1.67)  and  Y/X  (=8.56)*  as  defined  In  Table  LXIV.  These  values  are  the 
averages  of  the  tension  and  compression  values  and  are  used  for  the  purpose  of  com¬ 
paring  the  theories  among  themselves  with  a  given  set  of  composite  inputs.  The  sub¬ 
sequent  report  section  will  treat  separately  tension  and  compression.  The  following 
features  are  of  note:  (a)  All  four  expressions  give  the  same  trace  (a  circle)  in  the 
BC  plane,  (b)  Expressions  1,  2  and  3  give  the  same  trace  (a  circle)  in  the  AC  plane. 
Expression  4  gives  an  elongated  ellipse,  inclined  at  45°  to  the  A  and  C  axes,  due  to 
tha  term  involving  K.  (c)  Expressions  3  and  4  give  the  same  trace  (a  circle)  in  the 
AB  plane,  while  expressions  1  and  2  give  nearly  coincident  ellipses. 

3.  Comparisons  with  Test  Results 

Comparisons  of  the  various  failure  criteria  with  fiberglass  and  graphite 
composites  have  been  made  using  results  for  unidirectional  specimens  tested  off- 
axis  and  the  stress  transformations  given  in  Figure  196. 


*  For  "Thornel"  40,  K  =  2.36.  Values  for  Y/X  (tension  and  compression)  for 
"Thornel"  25  and  40  may  be  found  in  Table  LXVI. 
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(a)  Traces  in  BC  (A=0)  Plane 


(b)  Traces  in  AC  (B=0)  Plane 


A  Expression  2 


(c)  Traces  in  AB  (C=0)  Plane 


Figure  195.  Traces  of  Failure  Criteria  in  BC,AC,  and  AB  Planes 


COMPARISON  OF  ULTIMATE  STRENGTH  CRITERIA 
FOR  GLASS  AND  GRAPHITE  FIBER  COMPOSITES 


* 


r 


For  each  test  specimen,  the  strength  was  predicted  by  the  criteria  of  Table 
LXIV.  The  ratio  of  the  predicted  strength  to  the  measured  strength  is  listed  in  Table 
LXVI.  Cases  1  and  2  are  based  on  a  sin?  11  amount  of  the  data  taken  from  Reference 
17  for  two  glass  fiber  composites.  Values  predicted  by  criteria  1,  2,  and  3  seem 
equally  satisfactory  and  are  within  the  scatter  of  the  experimental  measurements. 
Criterion  4  at  10  degrees  gives  appreciably  poorer  predictions.  The  experimental 
values  of  Y  and  T  are  not  well  established  for  the  graphite  fiber  composites;  the  values 
(X-92,  Y-2.1,  T  =  4.0  x  103  psi)  used  in  Case  3  agree  with  the  avtRible  measurements 
and  give  predicted  tensile  strengths  with  criteria  1,  2,  and  3  which  are  as  accurate  as 
those  for  glass  fiber  composites.  Criterion  4  at  10  degrees  predicts  a  strength  which 
is  too  high  bv  23  percent.  When  T  is  changed  from  4.0  to  3.4  x  10  psi,  criterion  4 
gives  better  values,  but  they  are  still  not  in  good  agreement  with  measured  values 
(Case  4);  and  criteria  1,  2,  and  3  give  low  predicted  values.  Case  5  treats  the  com¬ 
pressive  strength  of  a  "Thornel"  25  composite  at  45  degrees.  Values  of  T  cl  3.4  and 
4.0  x  10^  psi  give  poor  predicted  strengths  with  all  criteria;  a  value  of  5.0  x  103  psi 
gives  good  predicted  strengths  with  all  criteria.  The  values  of  X,  Y,  and  T  used  in 
Case  6  for  a  "Thornel"  40  composite  tested  at  45  degrees  in  tension  are  compatible 
with  measured  values  given  in  Table  XLIV  -  Section  VI  and  give  good  predicted 
strengths  with  all  criteria. 

In  summary,  criteria  1,2,  and  3  seem  equally  satisfactory  for  the  type  of 
multiaxial  stresses  considered  here;  criterion  4  is  less  satisfactory.  An  unexplained 
problem  is  that  the  same  value  of  T  does  not  work  well  hi  Loth  tension  and  compres¬ 
sion.  A  limited  survey  indicates  that  criterion  1  also  gives  reasonably  good  predic¬ 
tions  for  the  tensile  strength  of  boron  fiber  composites.  Basically,  it  is  believed  that 
more  reliable  experimental  data  for  the  Y  and  T  strengths  are  required  to 
evaluate  adequately  the  available  criteria. 

D.  Comparison  of  Predicted  and  Measured  Composite  Strengths 

(S.  Jordan  and  D.P.  Hanley,  Bell  Aerosystems,  and  G.B.  Spence,  Ur  on  Carbide) 

At  Bell  Aerosystems,  attention  has  been  turned  toward  composite  strength  pre¬ 
dictions,  not  at  the  micromechanics  level,  but  from  an  engineering  standpoint  with  spe¬ 
cific  regard  to  establishing  allowables  for  use  in  the  component  design.  Consistent 
with  this  goal,  the  theory  used  for  predicting  strength  and  elastic  properties  has  been 
applied  to  the  generation  of  data  foT  "Thornel"  25  and  "Thornel"  10  graphite  yarn 
composites*. 

The  procedure  for  the  strength  analysis  of  an  arbitrary  composite  composed  of 
a  number  of  balanced  laminates  Is  outlined  in  Figure  197,  It  is  assumed  tnat  a  com¬ 
posite  composed  of  balanced  laminates  "A",  "B",  and  "C"  is  loaded  by  a  biaxial  state 
of  stress.  The  stresses  then  distribute  to  the  balanced  laminates  which  make  up  the 
rompositic.  In  the  figure,  balanced  laminate  A  Is  bikofl  ab  an  example 

*The  development  and  implementation  of  theory  to  predict  composite  strength  and 
elastic  properties  has  been  supported  under  Bell  internal  research  funding. 
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Strength  Analysis  Procedure 


The  stresses  on  each  layer  "a"  and  "b"  of  balanced  laminate  "A"  are  then  com¬ 
puted.  Based  on  these  stresses  and  the  principal  strengths  of  the  material,  failure 
stresses  are  determined  using  the  Tsai-type  failure  criteria  (Reference  51,  see  Sec¬ 
tion  Vin  C ).  At  die  present  time,  it  is  assumed  that  when  one  layer  of  a  balanced 
laminate  fails,  failure  of  the  total  balanced  laminate  is  implied.  After  it  has  been  de¬ 
termined  which  of  the  balanced  laminates  has  failed,  the  elastic  constants  for  the 
modified  composite  are  recalculated  and  the  process  as  described  above  is  repeated. 
This  procedure  is  then  continued  until  ultimate  failure  of  the  composite  (failure  of 
the  last  lamina)  is  obtained. 

This  procedure  is  recognized  to  have  flaws.  First,  the  strongly  nonlinear  stress- 
strain  curves  obtained  when  cross-plied  composites  are  tested  at  45  degrees  cannot 
possibly  be  predicted,  even  in  a  piece-wise  linear  manner.  Second,  when  a  yield 
point  occurs  the  procedure  predicts  stress- strain  curves  of  multidirectional  compo¬ 
sites  which  do  not  agree  with  experimentally  observed  curves. 

Some  predicted  ultimate  tensile  strengths  are  given  in  Table  XLIV  which  are 
based  on  the  X,  Y,  and  T  values  of  Cases  3  and  6  of  Table  LXVI.  The  predicted  values 
are  10  to  30  percent  less  than  the  measured  values  for  the  cross-plied  composites 
tested  in  one  of  the  fiber  directions.  Strength  values  predicted  by  the  rule-of- mix¬ 
tures  method  are  10  to  35  percent  greater  than  the  measured  values.  The  higher 
predictions  given  by  the  rule- of- mixtures  method  (compared  with  the  predictions 
given  by  the  procedure  outlined  here)  are  due  to  the  neglect  of  strain  compatibility 
and  the  resulting  biaxial  stress  state  in  the  individual  plies.  Attempts  to  compare 
predicted  and  measured  strengths  for  the  multidirectional  composites  or  cross- 
plied  composites  tested  off-axis  are  complicated  by  the  fact  that  the  measured 
strengths  depend  on  the  size  and  shape  of  the  test  section.  Preliminary  experimen¬ 
tal  studies  of  the  dependence  of  strength  on  gauge  width  have  indicated  two  trends, 
for  multidirectional  composites.  First,  when  many  fibers  lie  at  a  s»,iall  angle  with 
respect  to  the  test  direction,  the  measured  strength  for  a  1  /4-inch  gauge  width  is 
roughly  60  percent  of  the  predicted  value;  and  the  measured  strength  approaches  the 
predicted  strength  as  the  gauge  width  increases.  Second,  when  no  fibers  lie  at  a 
small  angle  with  respect  to  the  test  direction,  the  measured  strength  for  a  1/4-inch 
gauge  width  is  roughly  the  same  as  the  predicted  strength;  and  the  measured  strength 
becomes  greater  than  the  predicted  strength  as  the  gauge  width  is  increased.  In 
view  of  the  fact  that  strengths  from  1000  to  over  100,000  psi  occur  for  different  lay¬ 
up  patterns,  the  present  analytical  methods  for  predicting  composite  strengths,  al¬ 
though  not  perfect,  are  still  of  considerable  utility  for  preliminary  design  work. 

Further  work  is  in  progress  on  improved  methods  for  predicting  and  measuring 
strengths  of  composites. 
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E.  Microstress  Analysis  of  Fiber  Coiyosites 

(Professor  Richer  and  Mr.  d.F.  Stevenson) 


Two  formulations,  each  of  which  failed  to  yield  a  solution,  are  de¬ 
scribed.  The  first  formulation  is  in  terms  of  stresses  and  concerns  the 
analysis  of  layered  plates;  the  second  seeks  to  effect  a  Ritz  type  solution 
by  means  of  a  displacement  method  discrete  element  and  pertains  to  uni-direc- 
tional  fibrous  composites.  In  the  latter  case,  the  composite  is  treated  as 
a  body  in  plane  elasticity  with  the  modeling  element  transverse  to  the  fibers. 


Laminated  plates  constructed  with  single  layers  of  matrix-coated 
fibers  are  now  of  common  enough  occurrence  to  warrant  a  more  sophisticated 
stress  analysis  chan  they  hatfe  heretofore  received.  A  possible  idealization 
of  such  a  construction  consists  in  the  replacement  of  each  lamina  with  a 
homogeneous  layer  of  material.  Such  an  analysis,  albeit  a  quasi-microstress 
analysis,  in  that  within  a  layer  each  of  the  two  identities-fiber  and  matrix- 
is  lost,  would  be  useful  were  it  available.  To  this  end,  consider  homo¬ 
geneous,  orthotropic,  rectangular,  parallelepiped  the  structural  axes  of 
which  are  aligned  with  a  rectangular  Cartesian  coordinate  system  each  axis  of 
which  is  parallel  to  an  edge  of  the  body.  It  was  assumed  that  three  of  the 
stresses  could  be  represented  by 
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In  order  that  the  equilibrium  equations  be  satisfied,  it  is  necessary  that 
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z 

Txz  =  T 

fx(x,y) 

+  zf2  (x,y) 

(VIII 

F-8) 

V  •  lT 

f3(x,y) 

+  zf4  (x,y) 

+  ^O.y) 

(VIII 

F-9) 

where  fp  f2,  fj,  and  f,  are  derivable  from  ax,  ay,  and  t  .  Tne  quantities 

♦p  4>2 *  and  <f>3  ate  integration  functions.  With  the  assumption  that  the 

second  partial  derivatives  of  yxz  and  YyZ»  as  they  appear  in  the  compatibility 

equations,  are  zero;  it  can  be  shown,  after  lengthy  calculation,  that  the 
following  must  hold: 
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In  addition,  eight  eciuations  relating  the  constants  ,  Bp ,  and  can  be 

deduced.  All  surface  stresses  are  assumed  to  be  of  polynomial  form  in  the 
coordinates  of  the  face.  If  x  is  equated  to  the  boundary  values  at  the 

Am 

plus  and  minus  faces,  there  results: 


1.  an  expression  for  ^(Xjy)  and, 

2.  three  relations  among  the  polynomial  coefficient  for  t  . 

Am 

o 

Doing  likewise  for  r^z  yields: 

1.  an  expression  for  $2(x,y)  and* 


2.  three  relations  among  the  polyncmiial  coefficients  for  x  . 

yz 

Thus,  <j»p  $2,  and  may  be  eliminated,  and  the  problem  may  be  viewed  as 
having  forty- five  unknowns: 
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ri,  si,  a,  e) 


(12,  12,  12,  3,  4,  1,  1). 


(VIII  F-14) 


A  set  of  forty-five  equations  was  derived  as  follows.  In  the  plus 

and  minus  z-faces,  a  ,  t  ,  and  t  were  equated  to  the  boundary  values  of 

z  xz 

these  variables;  on  the  plus  and  minus  x- faces,  the  stress  resultants  N^, 

N  .  and  M  were  equated  to  the  respective  applied  values;  on  the  plus 
xy  x 

and  minus  y-faces,  the  stress  resultants  N^,  N^,  and  M^,  were  equated  to 

the  corresponding  applied  values.  Three  eqautions  are  given  by  equating  the 
x  and  y  components  of  resultant  couple  and  the  z  component  of  resultant  force 
to  zero.  When  these  equations  are  combined  with  the  eight  deduced  from  the 
compatibility  equations  and  the  six  found  from  matching  the  boundary  con¬ 
ditions  on  t  and  t  ,  a  set  of  forty-five  equations  is  found.  When  an 
x  z  yz 

attempt  was  made  to  solve  these  equations,  it  was  found  that  only  forty-two 
were  linearly  independent.  An  examination  of  the  equations  revealed  that 
three  of  these  could  be  shown  to  imply  a  restriction  on  the  surface  stresses 
that  could  not  be  deduced  from  the  resultant  force  equilibrium  equations.  In 
view  of  this  difficulty  and  the  fact  that  stresses  could  not  be  matched  on 
the  x  and  y  faces  without  inducing  undue  restrictions  on  the  stress  state  in 
the  interior,  this  problem  was  abandoned  and  attention  was  turned  to  a 
discrete  element  with  a  displacement  formulation. 


The  plane  stress  element  considered  is  rectangular  and  completely 
contains  a  circular  fiber  (see  Figure  198).  The  assumed  displacement  func¬ 
tions  to  be  discussed  here  involve  fifty- six  degrees  of  freedom  and  possess 
the  following  properties: 

1.  single- valued  displacement  components  in  the  interior  of  the 
element , 

2.  continuous  first  partial  derivatives  of  displacement  and  con¬ 
tinuous  mixed  partial  derivative  of  displacement  at  contiguous 
edges  of  two  distinct  elements,  and 

3.  interna]  nodes  on  the  fiber  boundary  to  endow  it  with  additional 
degrees  of  fx'eedom  relative  to  the  matrix. 


The  circular  fiber  is  replaced  by  an  annulus  with  small  inner  radius  (see 
Figure  199).  At  the  centroid  of  the  annulus,  a  rectangular  coordinate  system 
is  established  such  that  each  axis  is  parallel  to  an  edge  of  the  element. 
Locate  four  points  on  each  of  the  edge  radii  of  the  annulus  where  these 
boundaries  are  intersected  by  the  coordinate  axes.  Radial  lines  joining  such 
points  divide  the  annulus  into  four  sectors.  Consider  now  the  assumed  dis¬ 
placement  components  u  and  v. 
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s  =  1,  2,  3,  4  (VIII  F- 16) 


-287- 


where  and  are  interpolations  over  the  entire  rectangle  using  only 
exterior  degrees  of  freedom  and  '  and  are  interpolations  over  the 

th  •fc')  "('ci 

s  annular  sector  and  use  only  interior  degrees  of  freedom.  uv  ^  and  vK  J 
are,  of  course,  identically  zero  for  points  not  interior  to  sector  s.  Fol¬ 
lowing  Bogner  et  al./52^  define 
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where  the  (t)  are  first  order  Hermitian  interpolation  polynomials  for 
t  e  [a,b].  These  expressions  may  be  expressed,  equivalently,  as: 
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^  fsi  * r si 

A  similar  expression  can  be  written  for  uv  J  (or  vv  using  r  and  e  as 

independent  variables  and  empo lying  the  "comer"  values  of  uv  J  (or  vv 
and  its  partial  derivatives  as  unknowns.  In  order  to  assure  single-valued 

*fsl  -rsl  Afsl 

displacements  at  the  matrix-fiber  interface,  the  values  of  uv  ',  vv  ,  u^' 

and  were  equated  to  zero.  This  fact  means  that  corresponding  to  each 

node  on  the  fiber  boundary  only  two  unknowns  are  introduced.  On  the  inner 
boundary  of  the  annulus,  values  of  displacement  and  displacement  derivatives 
were  equated  so  that  there  remain  four  unknowns  corresponding  to  each  dis¬ 
placement  component.  For  example,  for  the  sector  shown  in  Figure  200,  these 
expressions  are 


(8  x  1)  (8  x  1) 


(VIII  F- 21) 


(VIII  F-2la) 


Figure  198.  Rectangular  Element  Containing  a  Circular  Fiber. 
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Figure  199.  Annular  Model  of  the  Fiber. 
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For  the  matrix  material,  ^  =  u  and  4  2  =  Vi  This  assumption  for  u  and  v 
yields  the  following  strain  energy  density  expression  for  the  matrix: 


Gm 

*  ■’-V  - 

Gm 
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trQxx  * 
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+  V  Q  U 

where  = 
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V  ■ 
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•4c  V 
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♦  *M("\ » *  iV-1 

aVi  *  htV“] 

(subscripts  on  the  H  vector 
denote  partial  differentia¬ 
tion) 
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(VIII  F-23) 
(VIII  F-24) 
(VIII  F-25) 
(VIII  F-26) 
(VIII  F-27) 


Converting  to  radial  transverse  displacements  in  the  fiber,  <j>^  and  <pp  become 
=  G^u  cos  6  +  gJv  sin  0  (VIII  F- 28) 

=  -G£u  sin  6  +  G£v  cos  0  (VIII  F-29) 

where  G  h  H  (r  cos  0,  r  sin  0).  (VIII  F-30) 

The  assumed  radial  and  transverse  displacements  for  the  fiber  are  then 

u£  =  GTUCOS0  +  GTv  sin  0  +  HTu(s)  (VIII  F- 31) 

s  =  1,  2,  3,  4 


f  T  T 

v  =  -G  u  sm  0  +  G  v  cos  0  + 


The  strain  energy  density  function  for  the 

^  a  Y  Y  2  Y 

af  =  a  u  £r  cos  H.  +  yv 


T  T 

+  oi  u  {G  G  cos9  sin0}  v  - 

—  — r  — r  — 


+  50  addition  terms 


HTv(s).  (VIII  F- 32) 

fiber  is  then  given  by 
T  2 

{G  G  cos  0}  v 

— r  — r  — 

T  T 

yu  (G  G  sin0  cos  8}  v 

— r  — r  — 


where  a 


(VIII  F-33) 


Close  scrutiny  of  the  integral  of  the  strain  energy  density  function 

revealed  the  existence  of  singularities  of  the  i-  type.  These  singularities 

arise  as  a  consequence  of  products  of  —  and  displacement  derivatives  that 

occur  in  the  energy  density  expression.  These  singularities  ha/e  the  effect 
of  placing  unbounded  entries  in  the  stiffness  matrix,  thereby  assigning  zero 
values  to  the  internal  degrees  of  freedom.  This  difficulty  can  be  avoided 

(s)  (s) 

only  if  the  constant  terms  and  linear  terms  in  r  of  u  1  and  vv  are  set  to 

(53) 

zero.  A  study  of  displacements  reported  by  Tsai  et.  al.  1  indicates  that 
this  restriction  is  so  severe  that  the  simplified""cTisplacement  functions 
could  not  be  expected  to  yield  good  results. 

An  alternative  to  the  conventional  Ritz  type  formulation  of  the  dis¬ 
placement  discrete  element  is  a  Trefftz  inspired  method  wherein  the  assumed 
displacements  satisfy  the  displacement  equilibrium  equations  a  priori  and  the 
degrees  of  freedom  correspond  to  an  approximation  of  the  displacements  along 
the  boundary  of  the  element.  At  present  an  effort  is  being  made  to  exploit 
this  approach  systematically. 
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^  Elastoplastic  Analysis  of  Cylindrical  Inclusion  in  Uniformly  Stressed 

Infinite  Homogeneous  Matrix  - 

(Visiting  Professor  Mendel  son,  cose  Institute) 

1.  Introduction 

The  importance  of  composite  materials  in  aerospace  applications,  due 
primarily  to  their  potentially  high  strength  to  weight  ratios,  is  well  known. 
The  actual  design  strength  of  such  material  is,  however,  frequently  much 
lower  than  their  potential  strength.  One  reason  for  this  is  the  fact  that 
there  may  be  load  components  perpendicular  to  the  fiber  axes.  The  fibers 
then  act  as  inclusions  producing  stress  concentrations  in  the  matrix  which 
is  to  begin  with  considerably  weaker  than  the  fibers. 

An  elastic  analysis  on  rhe  effect  of  a  circular  Inclusion  in  a  homo¬ 
geneous  matrix  presented  by  Schuerch^.  Herein,  a  more  realistic  elasto¬ 
plastic  analysis  is  made  to  determine  Lie  stress  and  strain  concentrations 
due  to  such  inclusions.  A  complete  analysis  would  have  to  include  a  large 
number  of  irregularly  shaped  inclusions  irregularly  spaced.  It  would  also 
include  the  orthotropic  character  of  the  fibers.  The  present  analysis  is 
merely  a  first  step  wherein  a  single  circular  inclusion  in  an  infinite 
homogeneous  matrix  uniformly  loaded  at  infinity  is  considered. 

Thq  method  used  in  the  analysis  is  the  successive  approximation  or 
iterative  technique  for  solving  elastoplastic  problems  as  outlined  by 

Mendelson  and  Mansor.,  and  Roberts  and  Mendelson.  This  technique  has 

L  *  _ !■_  _  i  i  _  _  i  f  .  .  .  *• 


been  successfully  used  for  the  problem  of  an  infinite  plate  with  a  hole  by 

CZH\  /*rn'v  /-p/w  7 

Davis, 


^  ^  Mendelson  and  Manson,^^  and  Tuba,^9^  and  for  a  rigid  inclusion 


by  Tuba.  In  both  cases,  the  plane  stress  problem  of  a  thin  plate  was 
considered.  In  the  present  analysis,  the  plar.e  strain  problem  of  an  infinite¬ 
ly  thick  plate  is  treated  for  arbitrary  matrix  and  inclusion  properties. 
Furthermore,  Hencky's  t;_  al  plasticity  theory  is  used.  Although  the  incre¬ 
mental  theory  car.  be  used  with  equal  ease,  the  results  shown  by  Tuba^59^ 
indicate  that  for  this  type  of  problem  there  is  negligible  difference  between 
the  total  and  incremental  theory.  If  total  plasticity  theory  is  used,  an 
appreciable  amount  of  computer  time  can  be  saved. 

2.  Analysis 

a.  General  Relations .  Consider  an  infinite  plete  uniformly 
loaded  at  infinity  as  shown  in  Figure  201.  Because  of  symmetry,  the 
problem  is  most  simply  cast  into  polar  coordinates.  We  define  the  fol¬ 
lowing  aimensionless  quantities : 


=  r 'a 


(VIII  G-l) 


“  —  .  S„ 


C  _  0Z 

a  *  bz  ~  a 
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e  =  —  ,  e. 

r  e  *  0 

o 


,  u 


where  o  and  e  are  the  yield  stress  and  yield  strain  respectively.  Further- 
00  - 
more,  a  is  the  radius  of  the  inclusion  and  u  is  the  radial  displacement.  The 

equilibrium,  compatability  and  stress-strain  relations  can  be  written  as 


^r  VSr 

~Sp  =  ~~T~ 


er'e0 


er  =  Sr  -  y(Se  +  Sz)  +  er 


ee  =  Se  ‘  u(Sr  +  V  +  e 


(VIII  G-2) 


e  =  0  ,  for  plane  strain, 
z 


Equations  (2)  can  be  solved  to  give  the  following  relations: 
s  .  A  +  \  +  — i-r-  P(p) - ^  Q(p) 

r  p  2(l-y  )  2(l-u  ) 


Sfl  =  A-\  + 


P(p)  - 

J'2“  Q(p) 

2 (1-y  ) 

P(p)  + 

1'24-  Q(p)  +  R(p) 

0  P  2(l-u  ) 

Sz  =  u(Sr  +  S0)  +  er  +  e9 


2(1-p  ) 


Sz  =  u(Sr  ♦  SQ)  ♦  e*  +  eF  (VIII  G-3) 

t  : 

ef  =  (l-y-2y  )  A  +  (1+y)  \  p(p)  ‘  2 (l-TT  +  TnT”  er 


eQ  =  (l-y-2y  )  A  -  (1+y)  — r  *  J  Cp(p)  +  Q(p)) 

P 

U  =  (l-y-2y  )  Ap  -  (l+y)  ~  +  y  JTJT"  (p  (p)  +  Q  (p))p 


where 


P(p)  5  J 


Q(p)  s 


rP  P  P 

I  e  -  e  „  p  p 

J  - - -  dp,  R(p)  =  u  eFr  -  (1-y)  e  Q 


P  (eP  +  eP  )  dp, 


(VIII  G-4) 
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The  constants  A,  B  and  c  will  depend  on  the  boundary  conditions  as  will 
shortly  be  shown. 

'Tie  plastic  strains  are  related  to  the  total  strains  by  the  modified 
Prandtl-Reuss  relations . 

er  =  ^er  "  e6^  *  ee  =  3^  '2ee  ‘ 

e  e 

where : 

77  2  2  2  1/2 

ee  ’  T  i(er  '  ee5  +  (er  '  ez>  *  fee  '  ez>  1 

,22  1/2 

“  f  ter  *  ee  -  er  V  (VI11  G‘6) 

and  e^  is  related  to  eg  through  the  stress  strain  curve  and  the  relation 

e  =  e  -  \  (1  +  y)  S  (e  )  CVIII  G-7) 

p  0  o  6  p 

where  S  ,  the  equivalent  dimensionless  stress,  is  the  ordinate  of  the 

dimensionless  uniaxial  stress  strain  curve  as  shown  in  Figure  202.  For  the 
case  of  linear  strain  hardening,  equation  VIII  G-7  can  be  solved  for  e^  to 

give 


ee  ~  f  (1*  v) 

1  +  Fi  T  U  +  M) 


(VIII  G-8) 


where  m  is  the  ratio  of  the  slope  of  the  stress -strain  curve  in  the  plastic 
range  to  the  elastic  modulus,  as  shown  in  Figure  203.  For  a  perfectly  plastic 
material  VIII  G-7  and  VIII  G-8  reduce  to 


e  =  e  -  \  (1  +  p)  (VIII  G-8a) 

p  e  3 

The  above  equations  are  completely  general  and  are  valid  both  in  the 
inclusion  and  in  the  matrix.  The  constants  A,  B,  and  c  will  be  different  for 
the  matrix  and  for  the  inclusion  as  will  the  material  properties.  We  will 
henceforth  distinguish  between  the  matrix  and  the  inclusion  by  using  the  sub¬ 
scripts  M  and  I  for  matrix  and  inclusion  respectively. 


Figure  202.  Dimensionless  Uniaxial  Stress-Strain  Curve, 


b.  Evaluation  of  Constants.  To  evaluate  the  constants,  we  make  use 
of  the  boundary  conditions. 

0  for  the  inclusion  (0  <_  p  <.  1) 

c  =  (VIII  G-9) 

I  1  for  the  matrix  (1  <.  p) 

It  also  follows  from  the  first  or  second  of  equations  VIII  G-3)  that 

Bj  -  0.  (VIII  G-10) 

Let  the  dimensionless  stress  at  infinity  be  designated  by 

ar(°°) 

S  =  -=■ - 

°oM 

where  c  ..  is  the  yield  stress  of  the  matrix.  Then,  from  the  first  of  equa- 
oM 

tions,  VIII  G-3: 


=  S  - 


2(1-0 


2,  ‘M 


2d-V 


where  from  VIII  G-4: 


pMw=  V-)  -  o. 


(VIII  G-ll) 


Hence , 


2(1-0 


P 


(VIII  G- 12) 


We  note  also  that,  since  the  plastic  strains  die  out  as  p  increases,  we  can 
replace  the  upper  limit  in  equation  VIII  G-ll  by  some  arbitrary  radius 

where  Rj^  is  greater  than  the  radius  of  the  plastic  zone.  Thus, 


f^M  P  .  eP 
eiM  9M 


(VIII  G-13) 
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The  two  remaining  constants  AT  and  can  be  determined  from  the  con¬ 
ditions  that  the  radial  stress  and  displacement  should  be  continuous  across  ^ 
the  matrix- inclusion  interface ,  i . e . , 


°rI  (a)  =  0^1  (a)  , 


iMv 


url(a)  =  uiM(a)  ’ 


or 


where 


-  «SrMa)  > 


eUjd)-  ai^d) 


ui  Ei 


_  °oM  ,  _EM  „  _  ,  ,  „ 

“  =  °ol"  ’  1  '  a  »0l  >  ^ 


“M  ^ 


a  o 


(VIII  G-14) 


(VIII  G-15) 


cM 


and  E^,  Ej  are  the  elastic  moduli  of  the  matrix  and  inclusion,  respectively. 
From  VIII  G-3,  10,  12,  and  14: 


where 


AI  "  Ki  K  +  K2PI«  +  K3^ia)  +  K4  PMW 
^  =  K5S~  +  +  K7PM« 


(VIII  G-16) 
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1  l+yM  +  (1+Wj) (l-^yj)e 
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K4  ~  l+yM  +  (1+yj)  (l-2y  j)  3 


K 


(l+yM)  (l-2yM)  -  (l+yI)(l-2yI)  0  ^ 


5  1+y^  +  (l+yT) (l-2yT)  9 


=  —  -  1 
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(1  -  2py)  6 

- T -  K4 

a 

K  .  -  - -i-j-  .  (VIII  G-17) 

2C1-pm  > 

Note  that  the  coefficients  through  Ky  are  functions  of  the  four  material 
Constants  Pj,  p^,  a  and  0. 

c.  Computation  Procedure.  The  stresses,  total  strains,  and  plastic 
strains  can  now  be  computed  by  the  successive  approximation  or  iterative 

method/55-*  The  inclusion  and  the  matrix  are  each  divided  into  finite 
intervals.  For  the  inclusion,  the  stations  run  from  zero  to  1.  For  the 
matrix,  the  stations  run  from  1  to  R^,  where  is  an  arbitrary  radius  larger 

than  the  plastic  zone.  Since  the  plastic  zone  is  not  known  to  start  with, 
one  must  guess  at  a  reasonable  value  for  R^.  It  may  be  desirable  to  change 

this  value  after  the  first  iteration  so  that  most  of  the  stations  are  in  the 
plastic  zone. 

The  coefficients  through  Ky  are  computed  only  once  from  equation 

VIII  G-17.  Assuming  all  the  plastic  strains  to  be  zero  so  that  Pj,  Qj,  PM, 

'  are  all  zero,  Aj  and  ^  are  computed  from  equation  VIII  G-16  and  Aj^  from 

VIII  G-12.  Equations  VIII  G-3  now  give  the  complete  elastic  solution  for  the 
inclusion  and  the  matrix.  Beginning  with  the  elastic  solution,  the  iterative 
scheme  for  obtaining  the  elastoplastic  solution  proceeds  as  follows: 

-  '  l.  Using  the  values  of  total  strains  just  computed,  the  equivalent 
total  strain  e  is  calculated  at  every  station  of  the  inclusion 

and  the  matrix  by  equation  VIII  G-6. 

2.  The  equivalent  plastic  strain  e^  at  every  station  is  determined 

from  equation  VIII  G-7  and  the  stress -strain  curve  (or  equation 
VIII  G-8  for  linear  strain -hardening) .  If  at  any  station  e^  is 

less  than  zero,  there  is  no  .plastic  flow  at  that  station,  and  the 
plastic  strains  are  set  equal  to  zero  at  that  station. 

3.  The  individual  plastic  strains  are  computed  by  means  of  equations 
VIII  G-5. 

4.  The  plastic  strain  integrals  PT,  Q-,  PM,  0,  are  computed  from 
VIII  G-4. 

5.  A^,  Aj,  and  B^  are  calculated  from  VIII' G-12  and  16. 


% 
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6.  The  stresses  and  strains  are  then  computed  from  VIII  G-3. 

7.  Return  to  step  1  and  continue  iterating  until  convergence  is 
obtained,  i.e.,  until  two  successive  solutions  differ  by  less 
than  some  arbitrarily  preassigned  value. 

The  above  outlined  computation  scheme  programmed  for  a  digital 
computer  gives  rapidly  and  accurately  the  complete  stress  and  strain  fields 
both  in  the  inclusion  and  the  matrix.  Both  the  elastic  properties  and  stress- 
strain  curves  will,  of  course,  be  different  in  the  two  media. 

3.  Results  and  Discussion 

The  technique  presented  will  now  be  illustrated  for  the  two  extreme 
cases  of  a  plate  with  a  void  and  a  plate  with  a  rigid  inclusion  and  for  the 
case  of  a  relatively  weak  matrix  with  a  relatively  strong  inclusion. 

a.  Plate  with  a  hole  or  void  A  plate  with  a  hole  represents 
the  limiting  case 


tx  -*•  00 


6  -*■  "»  . 


(VIII  G-18) 


The  calculation  proceeds  as  described  above,  except  that  Aj  need  not  be 

computed.  The  stress  and  strain  fields  are  obtained  only  in  the  matrix. 

Some  results  are  shown  in  Figures  204-206. 

In  Figures  204  and  205  the  effective  stress  and  strain  concentration 
factors  are  plotted  against  the  applied  stress  at  infinity  for  various  values 
of  the  strain  hardening  parameter  m^»  The  effective  stress  concentration 

factor  is  here  defined  as  the  ratio  of  effective  or  equivalent  stress  at  the 
edge  of  the  hole  to  the  equivalent  stress  at  infinity,  i.e., 


with 
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The  elastic  stress  concentration  factor  as  defined  above  is  readily 
shown  to  equal 


(elastic) 


Al-2uM)2 

r25M 
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Figure  206.  Plastic  Zone  Radius  For  Plane 
Strain  Case  of  Infinite  Plate 
With  Hole,  a  =  B  =  °°  . 
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For  a  value  of  y^j  of  0.35,  which  is  the  value  used  in  these  calculations,  the 

elastic  stress  concentration  factor  is  equal  to  5.86,  the  common  starting 

point  of  all  the  curves  of  Figure  204. 

Note  that  for  the  case  of  plane  stress ,  the  stress  concentration 
factor  is  independent  of  Poisson's' ratio  and  is  equal  to  2  for  the  elastic 
case.  The  large  initial  value  of  the  stress  concentration  factor  for  the 
case  of  plane  strain  does  not  mean,  however,  that  plastic  flow  will  start 
at  a  lower  load  than  for  plane  stress.  On  the  contrary,  it  can  readily  be 
shown  that  the  equivalent  stress  will  equal  unity  at  the  hole  for  a  value 

of  equal  to  0.569  compared  to  Sw  =  0.5  for  plane  stress.  Whether  defini¬ 

tion  VIII  G-19  is  the  appropriate  one  depends  on  how  the  stress  concentration 
factor  is  to  be  used. 

Figure  204  and  205  show  how  *,ie  stress  concentration  factor  decreases 
with  load  and  the  strain  concentration  factor  increases  with  load  due  to  the 
material  flowing  plastically.  The  importance  of  strain  hardening  is  readily 
evident.  It  is  interesting  to  note  that,  although  without  strain  hardening 
the  stress  concentration  factor  decreases  monotonically  with  load,  the  intro- 
uction  of  strain  hardening  introduces  a  minimum  point  in  the  stress  concen- 
t rat ion -versus - load  curve.  For  a  high  enough  load,  the  strain  hardening  of 
the  material  is  sufficient  to  overcome  the  stress  relaxation  due  to  plastic 
flow  and  the  stress  concentration  factor  starts  rising.  This  effect  does  not 

occur  for  the  plane  stress  case ,  probably  because  the  additional  axial 
constraint  inherent  in  the  plane  strain  case  is  missing. 

The  strain  concentration  factor  used  in  Figure  205  is  defined  by 


ee(D 
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For  the  elastic  case 
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f  ciV  Vs. 


eefl>  -  T  UV  '2  f  S. 


so  that  for  y..  =  0.35 
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(VIII  G-20) 


K  =  5.86  =  K  . 
e  a 

e  e 

Figure  206  shows  the  growth  of  the  plastic  zone  with  load.  Again, 
the  effect  of  strain  hardening  is  very  evident.  The  plate  becomes  completely 
plastic  when  Sm  equals  3  1/3. 
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b.  Plate  with  rigid  inclusion.  For  a  rigid  inclusion 


a  =  8=0.  (VIII  G-21) 

The  results  using  these  values  are  shown  in  Figures  2  07-209.  We  note  the 
very  large  difference  between  these  results  and  those  for  the  plate  with  the 
hole.  The  restraints  produced  by  the  inclusion  greatly  lower  both  the  stress 
and  strain  concentration  factors.  Furthermore,  the  effect  of  strain  hard¬ 
ening  is  no  longer  as  great.  The  plastic  zone  size  is  greatly  reduced  as 
shown  in  Figure  209. 

c.  Inclusion  with  a  =  0.1.  8  =.0.02.  As  a  final  example,  a 
matrix  inclusion  combination  with  q  =  u.l  and  8  =  .02  was  considered.  This 
system  corresponds  roughly  to  a  graphite  fiber  in  a  resin  matrix.  The 
results  are  shown  in  Figures  210-212.  We  note  the  similarity  of  these 
results  to  those  of  Figures  207-209  for  the  rigid  inclusion.  Of  particular 
interest  is  the  fact  that  the  strain  hardening  properties  of  the  matrix  are 
relatively  unimportant.  Only  one  curve  was  drawn  in  Figure  212  since  the 
difference  between  the  different  strain  hardening  parameter  is  very  small. 

The  complete  plate  becomes  plastic  for  a  value  of  Sm  of  about  3.35. 

4.  Summary 

Equations  have  been  derived  and  a  method  presented  for  performing  an 
elastoplastic  analysis  of  a  system  consisting  of  a  circular  inclusion  in  a 
homogeneous  matrix  uniformly  stresses  at  infinity  and  in  a  condition  of  plane 
strain.  The  material  properties  of  the  i  llusion  and  the  matrix,  including 
their  stress-strain  curves,  are  assumed  to  be  arbitrary  and  independent  of 
each  other.  Several  examples,  including  the  limiting  cases  of  a  hole  and  a 
rigid  inclusion,  are  presented.  It  is  shown  that  the  constraints  imposed  by 
the  rigid  inclusion  sharply  reduce  both  the  stress  and  strain  concentration 
factors  over  those  for  the  hole.  The  results  for  a  system  roughly  approxi¬ 
mating  a  graphite  fiber  in  a  resin  matrix  indicate  that  the  fiber  acts  nearly 
as  a  rigid  inclusion  and  that  strain  hardening  properties  of  the  matrix  play 
only  a  minor  role  in  determining  the  plastic  strain  concentration  factor. 
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Ci,  TVo  and  Three  Dimensional  Photoelastic  Models  of  Fiber  Composites 

(Professor  Wright  and  Mr.  D.  Weitzenhof) 

The  objective  of  this  research  is  to  develop  a  frozen  stress  photo¬ 
elastic  technique  for  accurate  determination  of  the  stresses  caused  by  exter¬ 
nal  loading  of  three-dimensional  filamentary  composites.  The  most  obvious 
(and  the  most  severe)  problem  encountered  in  this  approach  is  the  extraneous 
thermal  stress  pattern  introduced  into  the  tv/o- component  system  by  the  stress¬ 
freezing  cycle. 

TTie  thermal  stress  pattern  is  to  be  taken  into  account  as  follows. 
First,  a  model  of  the  relevant  composite  system  is  "frozen"  under  load.  At 
the  same  time,  an  unloaded  model  of  the  same  configuration  is  subjected  to 
the  same  "freezing"  cycle.  Both  models  are  then  analyzed,  and  the  unloaded 
stress  pattern  is  subtracted  from  the  "load"  stress  pattern.  The  remaining 
stresses  are  the  result  of  externally  applied  loads. 

The  two-step  technique  described  above  is  being  tested  with  two- 
dimensional  models  in  which  direct  comparison  of  a  stress  pattern  due  solely 
to  external  load  (model  of  Figure  213)  can  be  made  with  those  resulting  from 
stress  freezing  (models  of  Figure  214).  Good  correlation  in  two -dimens ions 
will  permit  extension  to  three-dimensional  models  to  determine  the  relations 
between  stresses  and  fibers  end  shapes  and  composite  geometry.  A  sample 
three-dimensional  model  is  shown  in  Figure  215. 

Some  results  of  the  two-dimensional  testing  have  been  obtained. 
Isochromatic  and  isoclinic  patterns  for  the  two-dimensional  models  are  shown 
in  Figures  216  through  224. 

Explanatory  notes  are  as  follows: 

Figure  216.  The  dark  field  photograph  of  the  stress  frozen  models 
(loaded  model  at  right,  unloaded  at  left)  shows  good  symmetry  of  the  stress 
pattern  and  a  high  stress  concentration  at  the  fiber  tips.  The  shear  stress 
concentration  factor  for  the  loaded  model  is  approximately 

SCF  =  - - -  =  ®  =  5.33  (VIII  H-l) 

TNominal 

where  the  numbers  8  and  1.5  are  the  fringe  numbers  in  the  appropriate  regions. 

Figures  217,  218,  219.  The  isoclinic  patterns  show  the  symmetry  of 
the  stress  distributions  in  these  frozen  stress  models. 

Figure  22a  Hie  dark  field  photograph  of  the  room  temperature  com¬ 
parison  model  also  shows  good  symmetry  and  a  high  stress  concentration.  The 
shear  stress  concentration  factor  is  approximately 

SCF  =  — L.  a  y  =  4.5  (VIII  H-2) 

TNom  c 
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Figure  214.  Two-Dimensional  Models  for  Stress  Freezing 
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This  value  agrees  fairly  well  with  the  value  obtained  in  the  frozen 
stress  models. 

Figures  221,  222,  223.  The  isoclinic  patterns  again  show  the  sym¬ 
metry  of  the  stresses  in  the  comparison  model. 

Conclusive  results  have  not  yet  been  obtained;  however,  shear  stresses 
show  excellent  correlation  between  the  frozen  stress  and  comparison  models. 
Furt  ler  testing  will  evaluate  the  accuracy  of  the  remaining  stress  components. 

Previous  investigators  have  concentrated  on  shear  stress  patterns . 

The  technique  outlined  here  will  allow  evaluation  of  the  entire  stress  tensor 
at  any  desired  points  in  the  model.  To  aid  in  this  work,  a  computer  program 
has  been  devised  to  calculate  the  stresses  from  data  obtained  along  any 
straight  line  leading  from  a  region  of  known  stress  (free  edge  or  previously 
calculated  point)  to  any  other  point  in  the  model.  The  method  is  the  well- 
known  three-dimensional  shear  difference  integration  of  one  of  the  equations 
of  equilibrium. 

Since  the  first  Annual  Report^  several  difficulties  have  been 
encountered  and  changes  made  to  overcome  them.  The  first  obstacle  met  was 
bond  failure  caused  by  large  relative  thermal  expansion  between  the  1/4- 
inch  diameter  aluminum  "fiber"  and  the  phctoelastic  material  matrix.  This 
difficulty  was  overcome  by  using  1/16- inch,  diameter  wood  "fibers"  to  increase 
the  bond  strength  and  the  area  to  volume  ratio.  The  mottling  observed  in  the 
photos  shown  in  the  first  Annual  Report  (see  Figure  224  -  a  copy  of  Figure 
102  of  the  Report)  was  eliminated  by  using  higher  quality  photoelastic 
materials  obtained  from  Photoelastic,  Inc.  Thermal  stresses  were  reduced 
further  by  stress- freezing  models  at  200°F  rather  than  the  220°  -  250°  F 
recommended  by  Photoelastic,  Inc.  The  three-dimensional  stress -free zing 
models  are  now  designed  for  compression  loading  instead  of  the  tensile  load¬ 
ing  first  used.  Reasons  for  the  change  are  economy  (less  material  and  less 
machining  result  in  much  lower  cost)  and  less  likelihood  of  bond  failure  rc 
the  fiber  tips  (ccipressive  loading  produces  stresses  opposite  in  sign  to  the 
thermal  stresses) . 


H.  Failure  Mechanics  for  Fiber  Composites 

(Professor  Kicher  and  Mr.  J.B.  koeneman) 

The  purpose  of  this  project  is  to  investigate  experimentally  on  the 
microscale  various  contir-  mv  failure  hypotheses.  Methods  are  being  developed 
to  observe  a  regular  arrangement  of  fibers  in  a  polymer  matrix  during  loading. 

Figure  225  shows  two  lOp  glass  fibers  embedded  in  an  Epon  828-TETA 
matrix.  The  sample  was  loaded  transverse  to  the  fibers.  However,  large 
plastic  strains  during  the  test  also  placed  a  compressive  load  along  the  axes 
of  the  fibers  causing  the  buckling  snd  debonding.  The  debonding  can  be 
identified  by  the  darker  areas  along  the  fiber  axes.  Only  two  such  areas  are 
shown  in  the  photograph  due-  to  the  small  exposure  field.  When  this  and  simi¬ 
lar  specimens  were  examined  .through'. the  reflected  light  microscope,  areas  of 
combined  debonding  and  buckling  were  visible  at  regular  intervals.  Evidence 
of  buckling  is  obvious  in  the  region  of  the  more  drastic  failure  in  the  photo¬ 
graph.  The  other  -egion  failure  indicates  that  buckling  probably  occurred 
but  was  immediately  followed  by  brittle  failure  of  the  fiber  both  transverse 
and  colinear  with  its  axis.  Note  the  excessive  deformation  of  the  fiber  chip 
protruding  under  the  undeformed  fiber.  This  condition  was  possible  because 
primary  load  was  perpendicular  to  -the  fiber  axes  and  only  two  fibers  are 
imbedded  in  the  specimen.  It  .is  difficult  to  determine  if  the  debonding 
occurred  first,  permitting  the  buckling  and  brittle  failure,  or  if  the  fibers 
buckled  as  columns  in  an  elastic  foundation,  causing  excessive  stresses  in 
the  bond.  Further  microscopic  examination  during  and  after  loading  will  be 
necessary  to  completely  understand  the  phenomena  of  failure  in  fiber  rein¬ 
forced  composites. 
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I.  Bonding  Stresses  in  Laminated  Cylindrical  Shells 

(Professor  Richer  and  Dr.  H.G.  Franklin) 

Composite  material  structures  can  fail  in  a  variety  of  modes.  A 
single  ply  of  a  laminated  configuration  can  fail,  leading  to  the  total 
collapse  of  the  structure.  The  bonding  material  between  plys  can  fail, 
allowing  excessive  loads  to  develop  in  the  structural  layer.  Consider,  for 
example,  a  compressive  load  on  a  two-ply  fiber  reinforced  cylindrical  shell. 
The  resistance  to  buckling  is  related  to  the  material  properties  and  the  cube 
of  the  total  thickness  of  the  wall,  through  the  flexural  rigidities  D 

D  =  f(E,  t3).  (VIII  J-l) 

If,  during  loading,  the  bond  layer  between  the  fiber  reinforced  structural 
layers  fails  prematurely,  the  reduced  flexural  rigidity,  D' ,  will  be  approxi¬ 
mately  twice  the  flexural  rigidity  of  a  single  ply 

D'  =  2  f  [E,  (|)3]  *  j  f  (E,  t3)  =  l  D  (VIII  J-2) 

or  approximately  one-quarter  of  the  flexural  rigidity  of  the  wall  before 
delamination.  Therefore,  the  buckling  load  will  be  reduced  by  approximately 
a  factor  of  four.  Experimental  buckling  studies  on  composite  cylinders  have 
given  extremely  low  results;  although  the  cylinders  appeared  to  fail  in  a 
buckling  mode  followed  by  delamination,  they  may  fail  first  due  to  delamina¬ 
tion  followed  by  buckling.  An  understanding  of  the  stress  distribution  in 
composite  cylinders  is  necessary  for  an  accurate  prediction  of  the  load 
carrying  capacity. 

As  a  means  of  explaining  the  structural  model  used  for  the  analysis 
of  the  stress  distribution  in  a  composite  cylinder,  consider  a  simple  bi¬ 
metallic  strip.  Timoshenko predicts  a  linear  stress  distribution  in  each 
layer  and  peak  stresses  of 

a  =  i  E  T(an  -  a9)  (VIII  J-3) 

max  2  1  2' 

where 

E  =  modulus  of  the  materials  (same  in  both  materials) 

T  =  temperature  change 

a,  ?  =  thermal  expansion  coefficients  of  layers  1  and  2, 

*  respectively. 

At  the  mating  surface  of  the  two  layers ,  there  is  a  sharp  stress  discontinuity 
if  the  strip  is  forced  to  r amain  flat,  a  stress  which  must  be  sustained  by 
the  bond  (see  Figure  226) .  Since  the  bond  layer  was  not  included  in  this 
analysis,  the  prediction  of  stresses  in  the  bond  is  not  possible.  A  more 
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realistic  model Z62-1  shown  in  Figure  227  includes  the  bond  layer,  thus  allow¬ 
ing  the  prediction  of  stresses  in  the  bond.  The  shear  strain  in  the  bond 
layer  would  be 


U1  "  u2 


(VIII  J-4) 


where  u^  and  u2  are  the  displacements  of  the  layers  due  to  a  temperature 

change  T.  The  axial  strains  in  the  structural'  layers  can  be  expressed  in 
full  by: 


dul  P1 

el  =  ST  =  “l  AT1  + 


(V III  J-5) 


e2  =  clx~  ~  °2  AT2  +  ETtlF 


(VIII  J-6) 


from  Hooke's  Law.  Equilibrium  of  the  structural  layers  requires 


Tcb  =  3 5T 


(VIII  J-7) 


as  shown  in  Figure  228.  Eliminating  the  strains  and  displacements  gives 


W-  -  [(“1  T1  '  “2  T2>  *  <E^F  '  0,111  J_8) 

Eliminating  tc  and  one  of  the  internal  loads,  say  P2,  gives 


d  P.  G  b  P,  ,  i 

— 2 —  =  C-r-)  [(<*i  Ti  "  a9  T2^  +  ET  ^FT~  +  FT"^ 
dx  C  1  1  2  2  D  L1t1  fc2t2 


(VIII  J-9) 


Now  defining 


Gcb 

X  -  (-§-)  [a,  Tx  -  a2  T23 


(VIII  J-10) 


(VIII  J-ll) 
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Figure  227.  Three  Element  Model  for  Bi-metallic 
Strip  Stress  Analysis. 


Figure  228.  Differential  Element  of  Bi-metallic 
Strip  of  Width  d. 
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The  governing  differential  equation  becomes 


2 

d  P, 


dx 


2 

K  P, 


=  X 


and  the  solution  is  of  the  form 
P^  =  A  cosh  Kx  + 


B  sinh  Kx 


X 

K 


(VIII  J-12) 
(VI IT  J-13) 


Applying  conditions  of  symmetry  about  the  midspan  and  =  0  at  the  ends 
leads  to  the  following  solution  for  P^ 


P 


1 


X  rcosh  Kx  ,, 

7"  [c5sK'YL  "  1] 


The  equation  for  t  is: 


(VIII  J-14) 


T 


1  ^1  _  X  sinh  Kx 
5"  dx  W  cosh  ICL 


sinh  Kx 
cosh  KL 


(VIII  J-15) 


which  has  its  maximum  value  at  x  =  L.  There  is  a  shear  stress  concentration 
in  the  bond  at  the  free  edge  of  the  bi-metallic  strio  similar  to  the  stress 

concentration  at  the  end  of  a  broken  fiber  in  an  epoxy  matrix.  This 
minor  modification  of  the  analysis  model  makes  possible  the  prediction  of 
complete  stress  state,  including  the  bond  for  laminated  structures. 

This  project  is  concerned  with  the  analysis  of  a  laminated  circular 
cylinder  using  a  medium  thick  shell  theory.  The  composite  analyzed  is  com¬ 
posed  of  three  layers,  as  shown  in  Figure  229.  The  inside  and  outside  layers 
are  fiber  reinforced  laminates  with  the  fibers  oriented  at  equal  and  opposite 
angles  from  the  longitudinal  axis  and  are  considered  to  be  orthotropic  for 
the  purposes  of  this  analysis.  The  central  layer  represents  the  bonding 
agent  and  is  considered  isotropic.  The  main  purpose  of  this  analysis  is  to 
attempt  to  predict  the  stress  distribution  in  the  three  layers  with  special 
emphasis  on  the  estimation  of  the  stresses  in  the  bond  layer  and  adjacent  to 
it. 


The  following  assumptions  are  made  in  this  work: 

1.  The  transverse  shear  stresses  are  negligible  compared  with  the 
other  stresses. 


-326- 


Figure  229.  Trilayer  Element. 
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2.  The  normal  strain  in  the  radial  direction  is  negligible  compared 
with  the  normal  strains  in  the  other  two  coordinate  directions. 

3.  The  external  loading  is  distributed  so  that  it  does  not  cause  any 
edge  effects  at  the  ends  of  the  shells. 

4.  The  stresses  and  displacements  are  independent  of  the  circum¬ 
ferential  coordinate  (see  Figure  230). 

5.  The  ratio  of  shell  thickness  h  to  mean  radius  a  is  small  enough 
to  say  that 

1/(1  -  h/a)  =  (1  +  h/a). 

Since  the  equations  for  the  stresses  and  the  displacements  are 
developed  separately  for  the  isotropic  and  orthotropic  layers,  the  displace¬ 
ments  and  transverse  normal  stresses  are  matched  at  the  mating  surfaces.  In 
addition,  it  is  assumed  that  the  structure  retains  its  cylindrical  shape 
analogous  to  the  assumption  of  the  bi-metallic  strip  remaining  flat.  The 
mathematical  details  of  this  analysis  along  with  extensive  numerical  results 

have  been  demonstrated  by  Franklin.  ^ 

Some  c’jmerical  results  were  obtained  for  fiberglass  where  the  bonding 
agent  is  considered  to  have  material  constants  similar  to  the  resin  or  matrix 
material  in  the  orthotropic  layer.  The  maximum  stresses  are  determined  for 
the  cases  of  axial,  internal  pressure  and  torsional  loading,  figures  231 
through  233  are  typical  results  for  the  maximum  stresses  in  the  bond  when  the 
cylinder  is  subjected  to  axial,  torsional,  and  internal  pressure  loading. 
Figures  234  through  236  present  typical  results  for  the  maximum  stresses  in 
the  outer  layer  when  the  cylinder  is  subjected  axial ,  torsional ,  and  internal 
pressure  loading.  Hie  cylinders  are  two- layered,  wound  at  +  a  (radians)  with 
unidirectionally  reinforced  composites  with  the  following  properties 


E^  =  8  x  10^  psi 

^LT  =  1*2  x  10^  psi 

^TL  =  ® 

while  the  bond  has  the  following  properties 
Ec  =  5  x  10^  psi 

h  =  bond  thickness 

c 


Ej, 

^LT 

h 


3  x  10^  psi 
0.25 

ply  thickness 


0.35. 


The  radius  of  the  shell  is  "a",  and  the  results  are  expressed  as  quantities 
nondimensionalized  as  sane  function  of  the  load. 
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Figure  232.  Maximum  Stresses  in  Bond  Layer  under  Torsional  Loading. 


Figure  233.  Maximum  Stresses  in  Bond  Layer  under  Internal  Pressure. 
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Figure  234.  Maximum  Stresses  in  Outer  Layer  under  Axial  Loading. 
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Figure  235.  Maximum  Stresses  in  Outer  Layer  under  Torsional  Loading 


HG.  2  36,  MAXIMUM  STRESSES  ]N  OUTER  LAYER  UNDER  INTERNAL  PRESSURE 


A  study  of  the  numerical  results  indicates  that  the  normal  stresses 
Op  o 2,  and  are  well  behaved  for  all  values  of  a.  However,  the  shear 

stress,  in  the  bond  and  the  outer  layer  diverge  for  extreme  values  of 

a.  Therefore,  the  solutions  are  questionable  for  a  less  than  0.2  radians  or 
greater  than  1.3  radians.  This  limitation  is  considered  by  assuming  the 

transverse  shear  stresses  to  be  negligible.  Reissner^65^  warns  that  this 
condition  may  occur  when  the  moduli  of  elasticity  are  very  different  in 
adjacent  layers.  At  intermediate  values  of  a  ,  the  mismatch  in  elastic 
properties  is  something  less  than  an  order  of  magnitude;  therefore,  the 
approximation  is  valid.  Some  work  was  done  using  moduli  of  elasticity  of 
approximately  the  same  magnitude,  and  this  limitation  disappeared  as  did 
the  stress  discontinuities  at  the  mating  surfaces. 

Note  that,  for  the  case  of  internal  pressure,  the  minimum  stress  con¬ 
dition  occurs  at  a  =  0.9  radians  or  51.6°.  This  figure  should  be  compared 
with  54.7°  obtained  from  netting  analysis  for  a  uniform  strength  pressure 
vessel. 


Figure  237  is  a  complete  stress  distribution  for  a  cylindrical  shell 
with  a  *  +_  0.7854  subjected  to  axial,  torsional,  or  internal  pressure  loading. 
It  is  found  that  large  stress  discontinuities  exist  at  the  mating  surfaces, 

indicating  the  possible  source  of  delamination.  Further  investigations (66,67) 
are  underway  to  study  the  characteristics  of  bonding  stresses  in  cylindrical 
shells. 
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Figure  237.  Stress  Distributions  of  a  Trilayer  Fiber  Reinforced  Shell 
Subjected  to  Axial  Torsional  and  Lateral 
Pressure  Loading:  g— =1  2>a=0.  7854 
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SECTION  IX 

STRUCTURAL  ANALYSIS  AND  SYNTHESIS  STUDIES 


Superior  structural  designs  can  be  obtained  through  design  optimization  and  im¬ 
proved  methods  of  structural  analysis  for  any  material.  However,  the  introduction 
of  materials  with  anisotropic  and  nonlinear  properties  requires  the  development  of 
improved  analysis  methods  in  order  to  fully  utilize  such  materials  in  any  rational 
design  procedure.  Efforts  to  develop  new  and  to  improve  existing  analysis  and 
synthesis  capabilities  were  expanded  during  this  report  period. 

The  generation  and  verification  of  discrete  elements  for  the  design  of  aniso¬ 
tropic  structures  is  presented  in  Section  IX  A.  An  adaptation  of  these  analysis 
capabilities  to  various  stiffened  panel  tests  is  reported  in  Section  IX  B.  Section  IX  C 
gives  a  description  of  a  new  analytical  tool  for  the  structural  behavioral  study  of 
nonlinear  and  nonisotropic  materials  subjected  to  multiaxial  stress  ^’stributions. 

The  development  of  algorithmic  tools  for  new  analysis  methods  and  synthesis  studies 
is  contained  in  Section  IX  D.  A  structural  synthesis  study  of  a  fiber  composite  flat 
plate  that  considers  a  material  and  a  processing  variable  is  presented  in  Section 

DC  E . 


A.  Generation  and  Verification  of  Anisotropic  Discrete  Elements 

(Dr.  R.H.  Mallett,  Bell  Aerosystems) 

Structural  analysis  development  has  been  directed  toward  generalization  and 
extension  of  the  best  available  analysis  methods  to  accommodate  the  anisotropy  and 
geometric  complexity  of  composite  structures,  providing  support  for  the  representa¬ 
tive  component  design  studies. 

The  versatile  matrix  methods  of  structural  analysis  based  on  discrete  element 
idealization  have  been  employed  in  developing  a  unified  approach  to  component 
analysis.  The  same  basic  analytical  method  and  computer  program  which  were  used 
in  the  analysis  of  the  rocket  nozzle  throat  insert  design,  as  described  in  Section  IX  C 
of  the  first  Annual  Report  (Reference  1),  have  been  used  in  this  work. 

For  the  rocket  nozzle  insert  analysis,  the  triangular  ring  and  other  elements 
(Figure  238)  were  developed.  For  the  fuselage  component  idealization,  the  discrete 
element  models  employed  include  the  versatile  triangular  and  quadrilateral  thin 
shell  (flat  plate)  elements  (Figures  239band  239c)  which  permit  realistic  representa¬ 
tion  of  arbitraiy  thin  shell  structures.  Anisotropy  of  elastic  and  thermal  properties 
is  assumed.  The  element  representation  further  include  matrices  for  distributed 
thermal  and  pressure  loadings.  Example  problems  have  been  solved  for  numerical 
check-out  of  these  elements.  These  elementary  problems  (for  which  alternate 
analytic  solutions  are  available)  are  designed  to  sequentially  confirm  proper  opera¬ 
tion  of  the  various  matrices  in  the  element  formulations. 
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Subsequent  to  their  evaluation,  these  elements  have  been  checked-out  in  a  more 
complex  isotropic  ring- stiffened  cylinder  problem  for  which  both  experimental  and 
alternate  analytical  data  were  available .  Following  this  check,  which  confirmed 
proper  operation  of  the  discrete  element  capability,  analysis  of  the  representative 
fuselage  component  was  considered.  Results  of  the  element  evaluation  studies  are 
presented  in  this  report  section,  and  stress  analysis  of  the  fuselage  component  is 
presented  in  Section  X  G . 

1.  Numerical  Check  Problems  on  Flat  Plates 


The  first  problem  is  defined  in  Figure  240,  namely  a  square,  isotropic, 
and  unrestrained  membrane  subjected  to  parabolic  edge  loadings.  The  accuracy  of 
the  predicted  displacement  of  the  point  "q"  relative  to  the  indicated  plate  origin  is 
taken  as  a  measure  of  the  accuracy  of  the  discrete  element  analysis.  Displacement 
predictions  based  on  triangular  and  quadrilateral  discrete  element  idealizations  are 
given  in  Figure  240  along  with  the  analytic  solution  value  (Reference  68).  A  maxi¬ 
mum  difference  of  1.3  percent  is  observed  among  these  values  indicating  very  good 
agreement  of  results . 

The  second  exau  pie  treated  is  a  rectangular  orthotropic  membrane  sub¬ 
jected  to  self -equilibrating  in-plane  concentrated  loads  (Figure  241).  The  plate 
aspect  ratio  is  four  and  the  ratio  of  longitudinal  modulus  (Ex)  to  transverse  modulus 
(Ey)  is  approximately  six.  Longitudinal  stress  profiles  are  shown  in  Figure  241  for 
four  transverse  sections  through  the  membrane.  Analytic  solution  values  (Reference 
69),  shown  as  plotted  points,  reasonably  confirm  the  stress  profile  lines  obtained 
from  a  triangular  element  idealization. 

Flexure  characteristics  of  the  elements  are  examined  in  the  next  several 
problems.  The  first  plate  considered  (Figure  242)  is  square,  isotropic,  and  elastic. 
The  series  of  problems  shown  in  Figure  242  is  widely  used  for  evaluation  of  plate 
elements .  Two  basic  cases  are  treated  by  separately  considering  simple  and  fixed 
supports.  In  each  case,  point  and  pressure  loadings  are  applied.  The  center  point 
displacement  is  used  to  evaluate  the  reliability  and  accuracy  of  predicted  behavior. 
Values,  based  on  triangular  and  quadrilateral  discrete- element  idealizations  are  com¬ 
pared  with  classical  (Reference  70).  Differences  among  the  sets  of  three  predictions 
are  less  than  six  percent. 

Figure  243  illustrates  a  series  of  check  problems  derived  from  a  rectan¬ 
gular  orthotropic  plate  with  an  aspect  ratio  of  two.  In  these  problems,  for  both  sim¬ 
ple  and  fixfid  supports  with  point  and  pressure  loads,  the  ratio  of  longitudinal  to  trans¬ 
verse  moduli  is  six.  Correlation  of  discrete  element  predictions  and  analyticai'values 
(Reference  42)  is  less  favorable  than  that  for  the  isotropic  plate.  These  apparent 
differences  are  believed  to  be  due  to  the  simplified  analysis  employed  in  predicting 
the  analytical  values. 
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The  next  example  tests  discrete  element  procedures  with  an  orthotropic 
plate  and  stiffeners  in  combination  as  snown  in  Figure  244.  In  this  problem,  the  with- 
grain  axis  is  oriented  at  a  counter-clockwise  angle  of  45°  relative  to  the  X-axis.  The 
displacement  profiles  along  Section  A-A,  based  on  a  quadrilateral  element  idealization, 
are  compared  for  the  stiffened  and  unstiffened  cantilevered  plate,  which  is  point- 
loaded  at  a  corner. 

2.  Shell  Problem  Application 

An  example  is  presented  here  to  complete  the  qualification  of  the  analysis 
capability  for  application  to  the  fuselage  component.  The  problem,  defined  in  Figure 
245  , is  a  ring-stiffened  cylinder.  The  cylinder  is  rigidly  supported  at  one  end  and 
point- loaded  at  the  other.  This  cantilevered  mode  corresponds  with  one  of  the  test 
conditions  for  the  fuselage  component.  (  See  Section  X  A  ) . 

Both  experimental  and  alternate  analytical  data  are  available  for  the  ring- 
stiffened  cylinder  problem.  By  virtue  of  problem  similarity  and  the  previous  check¬ 
out  of  orthotropic  elements,  the  precision  exhibited  in  the  prediction  of  behavior 
should  extrapolate  to  the  fuselage  component. 

Displacement  predictions  for  the  ring-stiffened  shell  behavior  are  charae  - 
terized  by  data  in  Figures  246  and  247.  Figure  246 illustrates  the  longitudinal  dis¬ 
placement  profiles  of  the  top,  middle,  and  bottom  of  the  cylinder.  It  is  interesting  to  ' 
note,  with  reference  to  Figure  246,  that  the  cylinder  cross-section  deforms  in  such  a 
manner  that  the  top  moves  downward  in  opposition  to  the  upward  load  due  to  the  ring-4 
stiffening  effect. 

Figure  247  emphasizes  the  cross-section  distortion  implied  in  Figure  246 
where  the  deformed  cross-sections  of  the  four  rings  are  superposed.  In  Figure  247 
the  alternate  analytical  results  of  Reference  71  are  identical  to  the  present  analytical 
results  with  the  exception  of  the  single  plotted  point  marked  "Reference"  thus  con¬ 
firming  the  present  discrete-element  method  predictions. 

The  longitudinal  stress  profiles  for  the  example  problem  shown  in  Figure 
248are  very  significant.  These  profiles  show  excellent  correlation  of  the  predictions 
with  alternate  analytical  and  experimental  data.  At  the  same  time  the  total  inadequa- * 
cy  of  conventional  beam  theory  is  brought  to  light,  i.e.,  the  deviation  from  the  My /I 
predictions. 

Figure  249  is  an  interesting  plot  of  longitudinal  stress  contours  which 
merits  special  mention  because  of  the  discontinuities  shown.  These  discontinuities 
arise  as  a  consequence  of  load  transfer  by  the  rings. 

The  for  .\?oing  discussion  has  treated  the  predication  of  behavior  in  the  ring- 
stiffened  cylinder  shell.  Figure  250  further  treats  the  prediction  of  ring-stiffener 
behavior.  Bending  moments  are  taken  to  characterize  stiffener  action.  The  predicted 
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moments  are  seen  to  correlate  well  with  alternate  analytical  (Leference  71)  and  ex¬ 
perimental  data  (Reference  72). 

This  stiffened  cylinder  example,  taken  together  with  the  problems  treated 
earlier,  serves  to  confirm  proper  operation  of  the  linear  analysis  capability.  Applica¬ 
tions  of  discrete  element  methods  to  nonlinear  materials  are  given  in  Section  IIIG-2 
and  in  Reference  73. 

B .  Discrete  Element  Applications  to  Analysis  for  Element  Tests 

(Drs.  R.H.  Mallett  and  K.H.  Sayers,  Bell  Aerosystems) 

A  series  of  discrete  element  analyses  are  being  conducted  in  support  of  the 
Element  Test  Program  outlined  in  Section  XA-12.  Element  configurations  include 
stiffened  compression  and  shear  panels,  and  ring-beam  elements.  Comparison  of 
the  analytical  and  experimental  results  will  serve  to  establish  confidence  in  the 
discrete  element  analysis  procedure  with  anisotropic  elements  as  applied  to  graphite 
fiber  composite  structures . 

1.  Stiffened  Compression  Panel 

A  linear  elastic  discrete  element  idealization  of  the  stiffened  compression 
panel  test  specimen  has  been  established  and  computer  input  data  for  the  various 
cases  to  be  considered  is  in  preparation.  The  geometry  of  the  specimen  is  given  in 
Figure  251.  Figure  252  shows  an  isometric  view  of  the  quadrant  of  the  panel  being 
considered  which  accounts  for  symmetry.  The  insert  on  Figure  252  indicates  the 
quadrant  location.  Figure  253  shows  the  idealization  employed,  as  established 
through  the  computer  program  plotting  capability.  Note  that  panel  elements,  bonding 
surfaces,  and  stiffeners  are  all  represented,  each  element  carrying  its  own  appropri¬ 
ate  orthotropic  material  properties.  Thus,  any  of  the  various  combinations  of 
materials  and  bonding  systems  specified  for  test  can  be  analyzed,  simply  by  revising 
material  properties  and/or  element  thicknesses,  orientations,  etc.as  required. 

2.  Stiffened  Shear  Panel 


An  idealization  of  the  stiffened  shear  panel  test  specimen  has  been 
established,  and  computer  input  data  for  the  various  cases  to  be  considered  is  in 
preparation  as  with  the  compression  panels.  The  geometry  of  the  specimen  and  test 
fixture  are  given  in  Figure  254.  Figure  255  shows  an  isometric  view  of  the  quadrant 
of  the  panel  being  considered  under  antisymmetric  conditions.  Figure  256  shows  the 
idealization  established  by  the  computer  program.  As  in  the  case  of  the  compression 
panels,  analyses  covering  the  desired  range  of  materials  and  thicknesses  can  be 
carried  out  by  simple  input  data  changes. 
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Figure  244.  Stiffened  Plate  Problem 
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Figure  246.  Stiffened  Cylinder  Longitudinal  Displacement  Profiles  (Inches) 
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Figure  247.  Predicted  Stiffened  Cylinder  Deformed  Cross  Section  (inches) 
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Figure  248,  Stiffened  Cylinder  Longitudinal  Stress  Profiles 
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Figure  250.  Stiffened  Cylinder  Ring  Bonding  Moment  Profiles 
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Figure  252.  Composite  Compression  Panel  -  Test  Specimen 


Figure  253.  Composite  Compression  Panel  -  Test  Specimen  Idealization 
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Figure  254.  Stiffened  Panel  -  Shear  Test 
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Figure  256..  Composite  Shear  Panel  -  Test  Specimen  Idealization 
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Ring -beam  Element 


This  element  is  a  short,  straight  section  of  the  ring  section  proposed  for  the 
fuselage  component  design  (refer  to  Section  X  E  and  to  Figure  257)..  Specimens  of 
these  types  will  be  tested  in  bending  to  confirm  strength  predictions  obtained  through 
hand  calculation.  Discrete  element  analyses  will  only  be  employed  here  if  hand 
analyses  proven  insufficient  to  predict  adequately  the  strengths  and  failure  modes 
observed  from  testing. 


and  Side  Plate  Bonds 


Ring-beam  Element 


C.  Energy  Search  Methods  for  Nonlinear  Materials 

(Professor  Scftmit  and  Mr.  f.„  ftybicki) 

The  incremental  complementary  energy  approach  to  predicting  nultiaxial 
stress  distribution  behavior  including  material  nonlinearity  was  described 
in  Section  IX  A  of  the  First  Annual  Report  C1).  A  numerical  evaluation  study 
has  been  carried  out  on  a  plane  stress  thermal  problem  for  which  Mendelsonl74) 
has  reported  an  independent  solution.  For  this  example,  the  material  is 
isotropic,  the  stress-strain  curve  is  bilinear,  and  the  Prandtl-Reuss 
incremental  strain  stress  relations  are  used  to  describe  the  material  non- 
linearities.  The  structure,  shown  in  Figure  258,  is  a  rectangular  plate 
subjected  to  a  parabolic  temperature  distribution  T  =  Tq  y  .  Hie  stress 

solution  for  this  problem^4)  is  used  to  evaluate  the  stress  solution 
obtained  by  the  incremental  complementary  energy  approach.  A  total  of  five 
load  increments  were  used,  raising  the  temperature  distribution  to 
T  =  5.7  (o^aEjyZ  where  on  is  the  yield  stress,  a  is  the  coefficient  of 
linear  thermal  expan.  ’on,  and  E  is  the  modulus  of  elasticity.  Because  of 
symmetry,  only  one  quadrant  of  the  plate  is  considered.  The  quadrant  was 
divided  into  4  ele.nents  as  shown  in  Figure  259.  A  stress  function  in  the 
form  of  the  sum  of  products  of  hype ros cul atory  interpolation  polynomials 
was  assumed  for  each  element.  This  representation  provides  36  degrees  of 
freedom  for  each  element.  However,  after  force  boundary  conditions  and 
interelement  equilibrium  requirements  are  satisfied  and  the  additional 
information  that  the  stresses  are  continuous  in  the  plate  is  employed,  the 
total  number  of  independent  degrees  of  freedom  reduces  to  36  for  the  assembl¬ 
age  of  four  elements. 

Three  aspects  of  the  stress  solution  obtained  were  compared  with 
the  solutions  reported  by  MendelsonC74) : 

1.  The  propagation  of  the  plastic  front,  Figure  260 

2.  The  normal  stress  (0,y)  at  the  cross  seUion  (x=0)  of 
the  plate,  Figure  261  and 

3.  The  mechanical  strain  at  the  cross  section  (x=0)  of  the 
plate,  Figure  262. 

Tne  curves  in  Figures  261  and  262  represent  the  solution  for  a  plate 
infinite  in  the  x  direction*-74; .  The  circles  repretent  results  at 
specific  values  of  y  obtained  using  the  incremental  complementary  energy 
approach.  The  agreement  between  the  reference  solution  and  the  results 
obtained  with  the  incremental  complementary  energy  method  was  very  good. 

These  results  were  obtained  using  36  degrees  of  freedom  for  the  structure 
and  required  6,5  minutes  of  machine  running  time  (Fortran  IV  program  on  a 
Univac  1107).  The  incremental  complementary  energy  was  minimized  using 
the  Fletcher-Powell  minimization  technique  available  as  a  preprogrammed 
procedure  as  a  result  of  the  effort  first  reported  in  Section  IX  B-2  of  the 
First  Annual  Report  t1).  On  the  basis  of  these  results,  the  incremental 
complementary  energy  approach  to  the  solution  of  nonlinear  multiaxial 
stress  problems  was  judged  to  be  quite  promising. 
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Figure  258.  Rectangular  Plate  with  Coordinate  System. 
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Figure  259.  First  Quadrant  of  Rectangular  Plate  Divided  into  Four  Elements 
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Figure  260.  Plastic  Front  in  First  Quadrant. 
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Figure  261.  Normal  Stress  at  Cross  Section  x 


After  the  completion  of  the  numerical  verification  study,  efforts 
were  directed  toward  extending  the  r»  linear  multi  axial  stress  analysis 
capability  to  include  transversely  isotropic  laterials  that  behave  differently 
in  tension  and  conpression.  Hie  structure  to  be  analyzed  is  a  thick-willed 
infinite  cylinder  constructed  of  transversely  isotropic  material.  The  stress 
distribution  in  the  cylinder  for  axially  synmetric  tenperature  and  pressure 
loadings  is  sought. 

Hie  formulation  of  this  problem  parallels  that  of  the  isotropic  plate. 
The  linear  strain  hardening  representation  for  the  stress  strain  curve  has 
been  extended  to  a  multilinear  strain  hardening  representation  as  shown  in 
Figure  2'>3. 


Hie  strains  are  assumed  to  be  of  the  form 

! 

I  Ae^q)  +  Ae£(Q)  (IX  C-l) 
q-1 


l  Ae^Cq)  +  (IX  02) 

q-1 


Q“1 

l  Ae^  +  Ae^Q)  (IX  03) 
q-1 


where  the  first  three  terms  of  each  equation  are  the  clastic  strains,  followed 
by  the  thermal  strains,  the  accumulated  plastic  strains  from  the  first  Q-1 
load  increments,  and,  finally,  the  increment  of  plastic  strain  due  to  the 
Qth  load  increment.  The  incremental  plastic  strains  are  assumed  to  be 
given  by 
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263.  Multilinear  Strain  Hardening  Representation  of  a  Uniaxial 
Stress-Strain  Curve  for  a  Material  that  Behaves  Differently 
in  Tension  and  Compression. 
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where 
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The  quantities  Fr,  Ffl,  and  Fz  describe  the  different  behavior  in 

tension  and  conpression.  For  exanple,  Fr  is  either  the  uniaxial  yield 

stress  in  tension  if  or  is  tensile  or  tjje  uniaxial  yield  stress  in  conpression 

if  o  is  conpressive.  The  value  of  As-  is  found  from  a  uniaxial  stress- 
r  q 

strain  curve.  For  an  isotropic  material ,  apUniaxial  stress-strain  curve  in 


any  direction  produces  a  unique  value  of  r—-  •  However,  this  condition  is 

not  always  true  for  an  anisotropic  material.  For  the  case  of  a  transversely 
isotropic  material,  this  obstacle  has  been  dealt  with  as  follows.  First,  a 
multilinear  strain  hardening  curve  was  used  to  represent  the  uniaxial  stress 
strain  curve  in  the  strong  material  direction.  Then  a  nultilinear  strain 
hardening  stress-strain  curve  for  the  weak  material  direction  was  computed 
from  the  requirement 


A-P 

(51.) 

a  Strong  Direction 


A-P 

(— ) 

a  Weak  Direction 


(IX  C-9) 


This  idea  was  applied  to  the  stress-strain  curves  for  JTA  material.  The 
representation  for  the  stress -strain  curve  in  the  weak  direction  obtained 
by  using  Equation  IX  C-9  was  found  to  be  a  very  good  representation  for  the 
experimental  stress-strain  curve  in  the  weak  direction. 

The  conditions  which  insure  conservative  material  behavior  for  the 
cylinder  are 
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(IX  C-10) 


Using  the  unique  value  of  obtained  by  assuming  Equation  IX  09,  it  can 

be  shown  that  the  stress-strain  relations  in  Equations  IX  C-l,  2,  and  3  satisfy 
Equation  IX  C-10.  This  fact  means  that  an  incremental  complementary  energy 
approach  can  be  utilized  to  obtain  the  stress  solution  of  the  transversely 
isotropic  cylinder  problem. 

Thus,  an  incremental  conplementary  energy  approach  can  be  utilized 
to  obtain  numerical  stress  solutions  to  various  problems  of  interest.  The 
simple  thick  walled  cylinder  subject  to  internal  pressure  loading  and  a 
radial  tenperature  distribution  can  be  solved  taking  into  account  nonlinear 
stress-strain  behavior  and  transverse  isotropy.  These  results  will  be 
conpared  with  the  corresponding  elastic  stress  distribution,  and  it  is 
anticipated  that  substantially  lower  stress  levels  will  be  predicted  by 
the  nonlinear  theory.  The  problem  of  predicting  the  longitudinal  load- 
elongation  curve  for  an  axisynmetric  case  with  a  solid  core  of  different 
material  will  also  be  studied  using  the  incremental  complementary  energy 
approach.  Consideration  is  also  being  given  to  employing  this  approach 
to  estimate  residual  stresses  in  metal  matrix  composites. 
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D.  Algorithmic  Tools  for  Analysis  and  Synthesis 
(Professor  Pox  and  Mr.  T.  ijeuvukj 

The  major  effort  which  has  been  carried  out  over  this  report  period  has 
been  the  development  of  a  reliable  and  efficient  version  of  the  method  of i 
feasible  directions.  In  parallel  with  this  work,  numerous  small  but 
essential  pro gr aiming  tasks  have  been  carried  out,  as  have  library  mainten¬ 
ance  and  internal  consultation  on  the  application  of  the  programs.  In 
addition,  during  this  period,  the  literature  on  optimization  techniques 
has  been  studied  for  possible  methods  of  value  to  this  program.  The  result 
of  this  survey  is  that  a  method  of  ZoutendijkC'^)  currently  being 
considered  for  development. 

The  results  of  development  work  on  a  program  for  a  method  of 
feasible  directions  will  be  described  here.  A  description  of  the  method 
which  appeared  in  the  First  Annual  Report (1),  section  IX  B,  is  summarized 
briefly  as  follows. 

The  concept  involved  in  this  class  of  optimization  methods  is 
that  the  iterative  process 


3**1  -  *  .s’ 

must  produce  an  X^+1  such  that 


and 


g.  (X^1)  i  0  for  all  j 

F(5q+1)  <  FC?)  . 


(IX  D-l) 


(IX  D-2 


(IX  D-3) 


Defining  G  *  vFfX^)  and  q.  =  Vg, (X^)  and  a  set  of  integers  J 

J  j  ,  ^ 

such  that  j  is  in  J  if  g.  (X4)  -  0  (actually  in  practice  j  is  in 

c  j 

J  is  le.|  <  5,  where  5  is  a  reasonable  tolerance  on  the  constraint),  we 
C  .  J  *► 

are  assured  that  an  a  exists  such  that  (a)  and  (b)  are  respected  if  S 

satisfies 


•*T  •** 

^  ^  j  i  0 » 

j  e  Jc 

(IX  D-4) 
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S1  G  <  0  . 

(IX  D-5) 
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Given  a  point  where  i;ome  of  the  =*  0,  an  3  satisfying  IX  D-4 

and  IX  D- 5  can  be  found  (if  such  exists)  by  solving  the  following  ’’direction 
finding  problem”. 

Find  S  and  a  scalar  a  such  that 

i  S  q.  +  0.  a  <  0  j  e  J 

1  J  -  c 

-►'T'  ■* 

ii  S1  G  +  a  <_  0 

4 

iii  Some  norm  of  S  is  bounded 

iv  a  is  maximized 


* 


where  the  0j  are  arbitrary  positive  scalars. 

Different  choices  for  requirement  iii  and  different  modes  of 
choosing  the  constants  6..  form  the  basis  for  different  algorithms  for 

t  J  -4 

the  method  of  feasible  directions.  Rirthermore,  once  an  S  which  satisfies 
these  criteria  has  been  found  and  omax  >  0,  there  remains  the  logic  of 

selecting  an  a  such  that  IX  D- 2  and  3  are  satisfied  and  so  that  the  process 
is  efficient.  Theso  were  the  areas  of  the  method  which  needed  to  be 
developed.  In  the  present  program,  the  method  used  to  calculate  a  is 
based  upon  the  philosophy  that  it  should  be  as  large  as  possible  without 
causing  violation  of  any  of  the  constraints.  (Thus  the  program  ignores 
the  possibility  that  the  value  of  F  can  increase  after  a  certain  finite 
distance  has  been  stepped  off  in  the  direction).  The  method  of  accomplish¬ 
ing  this  choice  of  the  a  is  relatively  sinple:  the  value  of  a  is  initially 
chosen  so  as  to  reduce  the  value  of  F,  assuming  linear  dependence  on  a  by 
some  fixed  percentage  (for  exairple  10%  has  been  used  in  most  of  the  runs): 


(IX  D-6) 


where  A  is  the  desired  percentage  reduction  of  F.  If  this  choice  of  a 
proves  to  be  too  large  and  some  constraints  are  violated,  a  linear  inter¬ 
polation  is  applied  to  the  constraint  which  is  most  in  violation.  If  the 
initial  move  proves  to  be  too  small  (that  is,  no  constraints  become  active), 
then  the  procedure  is  repeated.  No  attenpt  has  been  made  to  try  for  less 
than  the  ''maximum',’  step  in  as  nuch  as  our  experience  to  date  has  shown 
that  the  directions  generated  by  this  routine  adhere  fairly  closely  to  the 
constraints  and  produce  rapid  convergence. 
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With  respect  to  the  direction  finding  process  itself,  two  approaches 
have  been  taken:  one  in  which  requirement  iii  was  taken  to  be  the  length  of 
5  and  the  second  in  which  this  requirement  was  taken  to  be  the  maximum 
conponent  of  S.  The  first  choice  produces  a  nonlinear  programming  problem 
itself,  and  this  problem  was  approached  using  a  version  of  the  Fiacco-McCormick 
unconstrained  minimum  algorithm.  The  penalty  function  used  was 

*(S,a,r)  -  -  o  -  r  [  l  l/S1^  +  e.  o) 

jeJc 

+  l/C^G  +  o)  +  l/cFs  -  1)]  .  (IX  D-7) 


The  directions  resulting  from  this  application  were  efficient  without  any 
particular  directional  bias  but  were  so  at  the  expense  of  solving  the 
direction  finding  problem  quite  inefficiently.  Although  it  ix  possible  to 
convert  this  problem  into  a  linear  problem,  the  second  alternative  was 
chosen  instead. 

This  second  approach  (and  the  one  which  is  currently  the  recommended 
program)  produces  a  linear  programming  problem  for  the  direction  finding 
problem:  6 
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I  sA  Gj  +  o  <_  0  (IX  D-8) 
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>-l  i  -  1,  ...,  n 


o  ■+  max 


which  was  converted  to  a  standard  form,  in  which  all  s^  and  o  are  required 
to  be  positive  and  inequalities  are  converted  to  equalities  by  defining 


(IX  D-9) 


si  "  si  +  1 


and  introducing  the  slack  variables  U^. 

The  final  form  of  the  problem  is 
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This  LP  is  then  solved  with  the  simplex  algorithm  using  a  phase  I  for  a 
basic  feasible  solution  and  a  phase  II  for  the  final  optimal  search. 

The  coding  of  this  program  iu  A^GOL  60  is  essentially  complete. 

The  development  runs  have  been  made  on  the  traditional  space  truss  optimiza¬ 
tion  problem,  and  the  results  of  this  application  are  satisfactory.  Otar 
present  effort  involve  isolating  the  component  parts  of  the  feasible 
directions  program  and  assembling  them  into  a  modular  package  which  can  be 
used  in  conjunction  with  any  ap/propriate  analysis  routine.  We  expect  to  be 
able  to  describe  the  use  of  this  program  at  the  procedural  level. 


E. 

A  study  aimed  at  illustrating  the  role  of  the  structural  synthesis  concept 
in  design  with  fibrous  corposites  has  been  undertaken.  Consider  a  simply- 
supported  rectangular  multilayer  resin-matrix  fiber  composite  plate  as  shown 
m  Figure  2o^.  l£t  the  planform  dimensions  (a,b)  of  the  plate  be  preassigned 
parameters.  The  matrix  material  is  assumed  to  be  isotropic,  and  the  follow¬ 
ing  matrix  properties  are  considered  preassigned  parameters: 


pm 

m 

weight  density 

E 

m 

modulus  of  elasticity 

vm 

Poisson's  ratio 

Smc 

conpressive  strength 

cnpt 

allowable  tensile  strain 

enpc 

allowable  conpressive  strain 

enps 

allowable  shear  strain 

emptor 

allowable  shear  strain  (torsion  test). 

pie  fiber  material  is  assumed  to  be  transversely  isotropic  (see  Figure  265 
for  orientation  of  fiber  coordinate  system),  and  the  following  properties 
of  the  fiber  material  are  treated  as  preassigned  parameters: 

Pf 

weight  density  of  fiber 

Nf 

number  of  fibers  per  roving  end 

Gfl2 

shear  modulus  in  the  1-2  plane 

Ef22  “  Ef33 

transverse  modulus  of  elasticity 

vfl2  “  vfl2 

absolute  ratio  of  the  fiber  transverse  strain  to 
fiber  longitudinal  strain  due  to  longitudinal  stress 

vf23  *  vf32 

Poisson's  ratio  in  the  plane  of  transverse  isotropy. 

*  The  remaining  Poisson's  ratios  are  determined  from  the  reciprocal  theorem. 


Analysis  and  Synthesis  of  a  Fiber  Composite  Flat  Plate 
(Professor  Schrut  and  Mr','  'C.  ChamisJ  '  . . 


The  bundle  tensile  strength  of  the  fiber  (S^)  and  the  equivalent 
fiber  diameter  (d£)  are  treated  as  preassigned  functions  of  the  longi¬ 
tudinal  fiber  modulus  (E^)  which  is  to  be  a  design  variable.  The  apparent 
volume  of  fiber  k£,  the  estimate  volume  fraction  of  voids  in  the  matrix  ky, 

and  several  empirical  factors,  depending  on  the  fabrication  process, are  also 
considered  to  be  preassigned  parameters. 

Initially,  this  study  will  consider  three  design  variables.  The 
number  of  layers  (N^)  is  taken  as  0  design  variable.  The  minimum  number 

of  layers  is  set  at  ten  and  the  plate  thickness  is  built  up  by  adding  two 
layers  at  a  time  symmetrically  with  respect  to  the  reference  plane  as 
depicted  in  Figure  266..  The  layer  pattern  is  such  that  linear  bending- 
membrane  coupling  is  precluded;  however,  the  gross  membrane  behavior  of 
the  plate  is  symmetric  only  when  the  number  of  layers  is  an  integer 
multiple  of  four  (i.e. ,  12,  16,  20,  etc.).  The  angle  orienting  the  fiber 
direction  in  each  layer  (8)  is  taken  as  the  second  design  variable.  This 
design  variable  is  permitted  to  assume  any  value  over  the  range  from  -90° 
to  90°.  The  longitudinal  modulus  of  elasticity  of  the  fiber  material 
(Efu )  is  treated  as  the  third  design  variable*.  This  design  variable 

may  assume  any  value  over  the  range  from  10  x  106  lbs/in2  to  100  x  106 
lbs/in’ ; 

The  plate  is  subject  to  a  multiplicity  of  load  conditions,  each  of 

which  is  given  by  specifying  the  uniform  membrane  loads  N  and  N  . 

x  y 

Three  failure  modes  are  considered,  and  each  of  these  must  be 
guarded  against  in  each  load  condition.  Let  L  denote  the  number  distinct 
load  conditions  in  the  load  system.  Then  the  inequality  constraints 
gj  CD)  1  0  for  j  ■  1  J  can  be  written  in  the  alternate  form 

gik(D)  i  0  k  =  1  -  L;  i  -  1,  2,  3  (IX  E-l) 

where  it  is  understood  that 


j  -  k  +  (i-l)L  j  =  1  ->•  J  and  j  =  3L  .  (IX  E-2) 

The  sinple  constraints  on  the  range  of  values  that  the  design 
variables  may  assume  are  numbered  j  *31+1  through  j  =  3L  +  6. 


*  It  should  be  noted  that  the  assunption  that  the  fiber  material  properties 
treated  as  preassigned  parameters  remain  fixed  as  E^  varies  is  not 

strictly  correct.  This  deficiency  could  be  removed  by  expressing  the 
pertinent  fiber  material  properties  (in  addition  to  Sf  and  df)  as  pre¬ 
assigned  functions  of  the  design  variable  E^.  1  * 
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The  first  failure  mode  (i  *  1)  considered  is  gross  buckling  of  the 
composite  plate.  The  gross  buckling  failure  mode  is  represented  by 


Nxk 

WJ 


crk 


Nyk 

mx 


-  1 


crk 


(IX  E-3) 


where  Nxk  and  represent  the  given  applied  loads  in  the  x  and  y  direc¬ 


tions  respectively  in  the  kth  load  condition, 
can  be  determined  for  a  particular  triax  design  (N^,  e  ,  E^)  and  load 


The  (Nx)crk  and  the 


Condition  by  a  procedure  given  in  Reference  76.  The  essential  point  to  be 
recognized  here  is  that  glk(D)  is  conputable  according  to  a  specified 


procedure  given  the  preassigned  parameters,  the  load  condition  k,  and  a  trial 
design  [D,  i.e.,  a  set  of  values  for  0,  and  Efn]‘  The  values  of  (N^) 

and  (Ny)^^  depend  upon  the  critical  buckling  mode  shape  and  the  flexural 

rigidities  of  the  composite  plate.  The  flexural  rigidities,  in  turn, 
depend  upon  the  design  variables  (N^,  6 and  the  preassigned  parameters. 

Furthermore,  if  g^(i5)  has  a  positive  value,  gross  buckling  failure  in  the 


kth  load  condition  is  predicted  and  the  trial  design  is  unacceptable.  It 
should  also  be  noted  that,  when  the  gradient  Vgik(D)  is  required,  it  is 

approximated  by  using  central  finite  difference  representations  for  each 
of  the  components. 


The  second  failure  mode  (i  ■  2)  considered  is  combined  stress 
failure  in  a  layer.  Layers  at  +_  0  are  checked,  however,  when  is  an 

integer  multiple  of  four  the  results  for  +  0  are  identical  with  those  for 
-  0,  whereas  when  N&  is  not  an  integer  multiple  of  four,  the  -  0  layers  are 

found  to  be  critical.  This  second  failure  mode  (i  -  2)  provides  the  con¬ 
straints  j  -  L  +  1  through  j  *  2L,  and  it  is  represented  by 


> am>  -  - 

b*llak  bt22Bk  1>*12k 


Vilk 

Plllak 


g&22k  _ 

Pz22pkf 


(IX  E-4) 


where  a  denotes  layer  stress,  S  denotes  layer  strength,  the  one  (1) 

direction  coincides  with  the  fiber  direction  in  the  layer,  the  two  (2) 
direction  is  ttansverse  to  the  fiber  direction  in  the  plane  of  the  layer 
and  the  subscripts  a  and  6  are  read  as  T(Tension)  or  C(Gonpression) 
depending  upon  whether  the  corresponding  numerator  (layer  stress)  is 
tensile  (+)  or  conpressive(-) ,  Given  the  preassigned  parameters,  the 
load  conditions  k,  and  a  trial  design  j5(Nfc,  9»  E^),  the  layer  stresses 
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and  the  layer  strengths  are  determined  according  to  the  procedure  given  by 

Chamis^  If  for  +0  or  -0  the  function  g2k(t))  is  greater  than  zero, 

the  analysis  predicts  that  failure  under  combined  stress  occurs  in  the  kth 
load  condition,,  When  any  of  the^e  combined  stress  failure  modes  j  =  L+l  2L 

become  active,  the  gradient  Vgj(D)  for  j  e  Jc  is  required,  and  it  is 

approximated  using  central  finite  difference  representations  for  each  of  the 
components . 

The  third  failure  mode  (i  =  3)  considered  is  a  delamination  shear 
failure  mode.  Basically,  this  requirement  limits  the  relative  rotation 
between  two  adjacent  layers.  Relative  rotations  between  layers  imply 
high  shear  strains  in  the  matrix  material  of  the  interlayer  layers. 

The  constraints  j  =  2L  +  1  through  j  =  3L  are  provided  by  this  third 
failure  mode  which  is  represented  by 


Niki 

*»(D)  *  railr 


allow 


(IX  E-5) 


where  is  the  relative  rotation  between  adjacent  layers  j  +  1  and  j  in  the 

kth  load  condition  and  (A^j  )a]jow  i-s  the  allowable  relative  rotation.  When  the 

preassigned  parameters,  the  load  condition  k,  and  a  trial  design  D(N^,  0,  E£j£) 

are  specified,  the  relative  rotations  and  the  allowable  relative  rotation  ca§ 
be  determined  according  to  the  procedure  given  by  Chamis'-/t)J .  Whenever  g3k  (D) 

is  greater  than  zero,  the  analysis  predicts  that  delamination  failure  occurs. 
When  a  delamination  failure  mode  is  active  and  the  gradient  is  needed,  it  is 
determined  using  a  central  finite  difference  approximation  for  each  of  the 
components . 


The  objective  function  employed  for  the  example  problem  is  intended 
to  represent  cost  of  fiber  material  per  unit  surface  area  of  plate.  The 
cost  of  fiber  is  assumed  to  increase  linearly  with  longitudinal  fiber 
modulus  CEfll) ;  hence,  the  objective  function  may  be  expressed  as  follows: 


M(D)  =  pf  lc£  t  (Kx  +  K2  Efn)  N  (IX  E-6) 

where  p£  is  the  weight  density  of  the  fiber  material,  k£  is  the  actual  fiber 

volume  fraction,  t  is  the  thickness  of  a  layer,  (K^  +  K2  +  E£l£)  expresses 

the  cost  per  unit  weight  of  fiber  material  as  a  linear  function  of  longi¬ 
tudinal  modulus,  and  N  is  the  number  of  layers.  Note  that  this  objective 

function  is  independent  of  the  design  variable  0.  It  should  also  be  noted 
that  the  layer  thickness  (t  )  is  assumed  to  depend  upon  the  equivalent  fiber 

diameter  (d£) ,  the  number  of  fibers  per  roving  end  (N£) ,  and  the  apparent 

volume  fraction  of  fiber  (k£)  as  follows 
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(IX  E-7) 


df 

T 


,  Nf  ^ 

* 


Although  this  example  is  rather  idealized,  it  nevertheless  exhibits 
many  of  the  features  characteristic  of  more  realistic  conposite  material 
structural  system  design  problems.  The  example  involves  only  three 
design  variables;  however,  the  number  of  layers  (N^)  is  a  discrete  sizing 

variable,  the  layer  orientation  angle  (6)  is  a  configuration  variable,  and 
the  longitudinal  fiber  modulus  may  be  classified  as  a  materials 

variable.  The  example  also  considers  the  loading  system  to  be  made  up 
from  several  distinct  loading  conditions  and  a  balanced  optimum  design  is 
sought.  The  failure  modes  considered  are  intended  to  guard  against 
budding  failure,  combined  stress  failure,  and  delamination.  Finally, 
the  objective  function  enployed  (minimization  of  cost  of  fiber  material 
per  unit  surface  area  of  plate)  is  intended  to  suggest  that  minimization 
of  total  structural  weight  need  not  necessarily  be  the  goal  of  every 
structural  optimization  capability. 

Some  preliminary  numerical  results  obtained  using  a  feasible 
directions  method  algorithm  have  been  obtained  and  were  reported  by 

Schmit^^.  Thf.se  results  were  only  intended  to  illustrate  the  potential 
role  of  the  structural  synthesis  concept  in  design  with  fibrous  conposite 
materials.  Since  these  early  results  did  not  take  into  account  the 
dependence  of  fiber  bundle  tensile  strength  (Sft)  or  equivalent  fiber 

diameter  (dt)  on  the  longitudinal  fiber  modulus  (Efll) ,  they  are  not 

repeated  herein.  Effort  is  being  directed  toward  obtaining  synthesis 
results  when  Sft  and  dt  are  treated  as  preassigned  functions  of  the 

design  variable  Efll<  An  assessment  of  sensitivity  of  the  synthesis 

results  to  perturbations  in  preassigned  parameters  such  as  fiber  volume 
fraction  (kf ) ,  volume  fraction  of  voids  in  the  matrix,  and  fiber 

transverse  modulus  of  elasticity  is  planned. 
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SECTION  X 

FUSELAGE  COMPONENT  DESIGN  AND  ANALYSIS 


Selection  of  a  fuselage  section  for  the  representative  fiber  composite  component 
was  described  in  Section  IV  of  the  first  Annual  Report  (Reference  1).  The  design,  de¬ 
velopment,  and  test  activities  associated  with  this  component  provide  a  hardware  per  - 
formance  demonstration  of  the  advanced  graphite  fiber  composite  material.  In  addi¬ 
tion,  these  activities  serve  to  reveal  present  technological  shortcomings  and  the  need 
for  improvements 

Section  X  A  describes  preliminary  design  studies,  based  on  a  pseudo -isotropic 
lay-up,  which  led  to  the  choice  of  a  basic  structural  arrangement  for  detailed  study 
and  identified  the  potential  performance  benefits  of  "Thornel"  composites  as  compared 
with  aluminum  alloy  construction.  Design  criteria  and  loading  conditions  are  defined  in 
Section  X  P .  The  influences  of  laminate  configuration  and  geometric  proportions  are 
examined  with  respect  to  urthotropic  shell  buckling  in  Section  X  C  and  with  respect 
to  column  and  plate  behavior  in  Section  X  D.  Progress  in  the  design  of  stiffening 
rings  and  the  end  attachment  is  discussed  in  Sections  X  E  and  X  F,  respectively.  The 
anisotropic  discrete  elements,  described  previously  in  Section  IX  A,  were  used  to 
conduct  a  stress  analysis  of  the  fuselage  shell,  the  results  of  which  are  presented  in 
Section  X  G. 

A.  Preliminary  Design  Studies 

(D.  P.  Hanley  and  W.  N.  Meholick,  Bell  Aerosystems) 

The  preliminary  design  studies  are  presented  under  the  four  major  groupings 
shown  in  Figure  267. 

Most  of  the  first  area,  Component  Selection,  was  reported  in  Section  IV  of  the 
first  Annual  Report  (Reference  1).  In  this  report,  structural  scaling  parameters 
(item  e)  are  considered  in  more  detail  in  order  to  form  a  basis  for  relating  dimen¬ 
sions  and  geometry  of  the  representative  component  to  full-scale  applications. 

The  second  area,  Preliminary  Design  Studies,  outlines  briefly  the  iterative 
design  loops  and  the  'first  pass'  accomplishments.  This  work  provides  a  frame¬ 
work  for  the  various  analytical  studies.  An  examination  of  typical  comparative 
efficiencies  of  practical  shell  stiffening  methods  for  a  homogeneous,  isotropic  ma¬ 
terial  was  made  first  for  the  fuselage  application.  Study  of  the  stiffened  isotropic 
shell  provides  some  insight  into  configuration  effects  that  guided  subsequent  work 
with  anisotropic  materials,  although  more  creative,  yet  realistic,  design  concepts 
for  composite  shell  structures  are  obviously  needed.  Next,  theoretical  estimates 
of  graphite  fiber  composite  elastic  properties  and  the  methods  used  in  their  de¬ 
termination,  as  of  the  beginning  of  this  report  period,  are  presented.  The  studies 
then  proceed  into  an  evaluation  of  simple  structural  elements  (such  as  plates, 


* 


V 


1.  COMPONENT  SELECTION 

a.  Applications  Review 

b.  Typical  Environments 

c.  Representative  Loads 

d.  Structural  Concept 

e.  Scaling  Parameters 

2.  PRELIMINARY  DESIGN  STUDIES 

a.  Stiffened  Isotropic  Shells 

b.  Elastic/Sti  ength  Properties 

c.  Plates,  Columns,  Stiffened  Panels 

d.  Unstiffened  Orthotropic  Shells 


3.  REPRESENTATIVE  COMPONENT 
DESIGN 

a.  Stiffened  Composite  Shell 
Approaches 

b.  Comparison  of  a  Conventional 
Material  with  Composites 

4.  TEST  PLAN  OUTLINES 

a.  Simple  Elements 

b.  Representative  Component 


Figure  267.  Airframe  Component  Selection  and  Preliminary  Design 
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Figure  268.  Scaling' Methods  for  Fuselage  Components 
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columns,  simple  shells,  arid  stiffened  panels)  which  constitute  the  basic  design  prob¬ 
lems  associated  with  the  fuselage -section.  In  each  case,  understanding  of  the  signifi¬ 
cance  of  fiber  properties  and  orientations  was  sought. 

The  third  area,  Representative  Component  Design,  describes  the  two  approaches 
which  evolved  from  the  preliminary  design  studies:  a  stringer/ring  stiffening  system 
and  a  honeycomb -stiffened  system.  Their  principal  features  and  anticipated  perfor¬ 
mances  are  compared.  Under  Test  Plans,  in  the  fourth  area,  are  presented  the  tenta¬ 
tive  experimental  programs  to  evaluate  simple  structural  elements  and  the  represen¬ 
tative  component. 

1.  Scaling  Methods 

The  low-to-intermediate  loading  ranges  for  both  bending  and  shetr  condi¬ 
tions  are  frequently  encountered  in  subsonic  aircraft  and  present  difficult  problems 
because  of  conventional  material  and  fabrication  limitations.  At  the  same  time,  these 
ranges  offer  tremendous  potential  for  composites.  Careful  study  is  required,  how¬ 
ever,  to  define  the  greater  design  and  fabrication  freedoms  within  the  range  of  prac¬ 
tical  constraints. 

Of  concern  in  selecting  the  overall  dimensions  of  the  fuselage  section  are 
structural  scaling  parameters  which  are  shown  in  Figure  26&  Given  here  are  ana¬ 
lytically  determined  skin  thicknesses  (not  necessarily  practical  ones)  for  minimum 
weight  shells  in  bending  according  to  the  general  methods  of  Shanley  and  Micks 
(References  78  and  79)  and  those  developed  at  Bell  (Reference  80).  The  range  of 
an  (M/D3)1/3  loading  index  has  been  observed  for  many  of  Bell's  aircraft  fuselage 
designs  as  generally  in  the  range  of  about  2.5  to  4,  these  values  corresponding  to 
the  low -to-intsrmediate  loadings  previously  mentioned.  Two  possible  methods 
of  scaling  between  the  representative  component  (22-in.  diameter)  and  a  hypotheti¬ 
cal  large  component  (100-in.  diameter)  exist.  The  first  such  method  (Case  1  on 
Figure  268)  would  design  on  an  equal  load  index  basis  and  the  second  method,  as 
given  by  References  79  and  80  (Cases  2  and  3  on  Figure  268),  would  be  to  design 
for  equal  skin  thickness.  In  Case  1,  unequal  skin  thicknesses  and  unequal  loads 
per  inch  result.  Consequently  it  is  not  desirable  to  attempt  scaling  between  a 
thin-skinned  model  and  a  thick-skin  large  application.  In  Cases  2  and  3,  however, 
if  the  structural  indices  are  properly  chosen,  both  thicknesses  and  load  per  inch 
can  be  matched  to  achieve  good  similitude.  The  major  point  here  is  that  design¬ 
ing  the  fuselage  component  to  an  (M/D3)1/3  in  the  range  of  about  4  to  6  corres¬ 
ponds  well  with  a  large-scale  structure  having  a  realistic  index  of  about  2.5  to 
4.  Loads  per  inch  correspondingly  are  in  agreement  with  Bell's  design  experi¬ 
ence  and  skin  thicknesses  should  be  on  the  order  of  about  0.020  to  0.080  .nch. 

It  is  recognized  that  the  above  trends  are  based  on  isotropic  theory 
for  a  widely  used  airframe  aluminum  alloy.  Consistent  with  earlier  comments 
on  conventional  materials,  it  is  shown  later  however  that  a  "Thornel"  40 
graphite  yarn  pseudo-isotropic  composite  may  in  certain  features  be  expected  to 
behave  like  aluminum. 
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2.  Design  Procedure 


The  second  major  area  of  Figure  267  outlines  basic  areas  of  investigation 
that  relate  to  the  fuselage  shell  under  prelim  Inary  design  studies.  The  first  several 
steps  in  the  design  process  may  be  considered  as:  applications  review,  component 
selection,  nnd  materials  and  construction.  These  were  discussed  previously  and  led 
to  the  basic  configuration  of  the  fuselage  component.  Consideration  of  the  stiffened 
shell  led  into  further  configuration  and  efficiency  studies  for  isotropic  materials.  At 
the  conclusion  of  studies  on  the  Isotropic  stiffened  shell,  orthotropic  material  con¬ 
siderations  were  next  treated.  In  the  present  work,  preliminary  design  is  conducted 
by  going  through  several  iterations  which  bring  in  the  key  analytical  developments 
and  critical  basic  tests.  Initial  preliminary  design  treats  the  Idealization  of  the 
fuselage  as  a  cylinder  without  substantial  consideration  of  detailed  boundary  condi¬ 
tions.  Completed  preliminary  design  then  accounts  for  better  representation  of 
more  complex  loads  and  the  conical  shell  configuration.  Final  design  should  ulti¬ 
mately  incorporate  the  synthesis  activities  in  order  to  account  for  actual  combined 
states  of  loading.  Attachment  concepts  at  this  time  require  experimental  validations. 

Returning  to  the  iterations  in  preliminary  design,  the  best  analytical  steps 
that  can  be  taken  at  nn  early  time  involve  analytically  predicting  composite  elasticity 
and  strength  properties,  using  these  properties  in  analysis  of  simple  structural 
elements  (plates,  columns,  etc.),  evaluating  fiber  and  laminate  configuration  effects, 
and  determining  basic  optimizations  for  simple  elements.  A  second  design  cycle, 
uses  experimentally-based  specifications  of  fiber  modulus  and  strength  levels, 
resin  properties,  etc.  Simple  composite  properties  are  then  utilized  in  the  design 
studies.  A  third  pass  involves  fabrication  and  element  testing  of  stiffeners,  plates, 
and  stiffened  panels  and  recycling  the  design  studies. 

3.  Minimum  Weight  Shells  in  Bending 

Efficiencies  for  several  stringer/ ring  and  honeycomb  systems 
were  compared  for  isotropic  shells.  Figure  269  shows  typical  weights 
(in  psf )  for  minimum  weight  aluminum  cylinders  in  bending. 


These  curves  are  for  the  Idealized  cylinder  and  are  based  on  standard 
design  procedures.  At  the  loading  index  of  4,  two  essential  features  are  seen: 

(1)  all  of  the  stiffened  shells  are  ~  50%  lighter  than  the  unstiffened  shell  and 

(2)  although  there  appears  to  be  a  sizable  weight  saving  among  the  stiffened 
shells,  fabrication  and  material  Influences  rarely  allow  minimum  weight  design. 
These  factors  tend  to  merge  practical  designs  in-between  the  unstiffened  shell  and 
the  minimum  shell  weights.  Thus,  fabrication  enters  the  picture  and  it  may  be 
roughly  concluded  that  efficient  stringer  shapes,  such  as  hats  and  zees  as  later 
described,  can  be  selected  to  tradeoff  costs  and  design  preferences.  Although 
these  trends  are  based  on  isotropic  theory  and  are  strictly  applicable  only  to 
pseudo-isotropic  composite  layups,  later  discussion  v/ill  show  that  the  additional 
complexities  of  orthotropic  material  behavior  and  practical  design  constraints 

do  not  significantly  change  the  weight/performance  estimates  for  isotropic 
material  assumptions. 
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UNIT  WEIGHT  -  W  (PSH 


Lcfrural  Configurations 


4. 


Graphite  Fiber  Composite  Properties 


Elastic  properties  for  various  laminate  constructions  were  predicted  with 
Whitney's  equations  using  isotropic  fiber  properties  (Reference  44)  and  Grezszcuk's 
transformations  (Reference  45)  for  "Thornel"  25,  40  and  60  composites. 

The  prediction  methods  were  verified  'ey  comparisons  with  boron  fiber  com¬ 
posite  properties  and  the  values  were  in  good  agreement  with  other  investigations. 
These  calculations  showed  that  the  f45°  graphite  composite  laminates  yielded  the  lowest 
E  but  the  highest  G  and  Poisson's  ratio.  The  isotropic  construction  for  the  "Thornel" 
40  graphite  yarn  composite  war  seen  comparable  In  modulus  to  aluminum  with  one- 
half  the  density  of  aluminum.  It  was  also  soon  difficult  to  compare  laminates  with  an 
entire  set  of  elastic  parameters.  To  do  this  required  an  examination  of  the  structural 
behavior  of  simple  components  wherein  the  various  basic  laminate  constructions 
could  be  studied.  These  are  described  briefly  in  the  next  several  sections. 

5.  Plate  BucKlir.g  Behavior 

Plate  budding  studies  under  edge  compression  and  shear  loads  are  shown 
in  Figure  27CL  These  calculations  are  for  a  12  x  12  x  0.060  inch  "Thornel"  25  plate 
with  simply  supported  edges.  They  are  based  on  the  work  of  Seydel  referenced  in 
Dietz  (Reference  49).  The  figure  illustrates  the  influence  of  the  elastic  constants  on 
the  two  types  of  buckling  behavior:  (1)  For  equal  thickness  plates  in  compression, 
the  optimum  construction  is  ±45°,  followed  by  pseudo-isotropic,  then  uniaxial,  then 
0°-90°.  (2)  The  characteristics  of  panels  in  shear  buckling  are  strikingly  different 
from  those  in  compression  buckling;  i.e.,  for  shear,  the  optimum  constructions  are  in 
the  order;  isotropic  highest,  the  ±45°  only  slightly  less,  and  the  uniaxial  much  less. 
Thus  ior  buckling  of  panels  under  combined  loads  for  general  design,  the  concepts  for 
layup  optimization  are  indicated.  It  was  recognized,  however,  that  the  curves  shown 
for  the  rotated  orthogonal  plate  were  approximate  by  virtue  of  assumptions  made  re¬ 
garding  the  magnitude  of  certain  coupling  terms,  i.e.,  their  being  small. 

For  the  fuselage -section  designed  for  the  low  loading  range,  shear  is  small, 
~  50-90%  less  than  axial  load.  Thus,  with  the  higher  shear  buckling  allowables  and 
by  assuming  a  conventional  combined  load  interaction  method  applies,  the  effects  of 
low  shear  loads  may  be  assumed  negligible.  These  studies,  which  are  continuing  as 
new  information  is  cycled,  have  also  been  extended  to  account  for  other  plate  aspect 
ratios  of  interest,  varying  fiber  modulus  influence,  and  other  boundary  conditions.  In 
most  of  the  preliminary  studies,  a  65%  fiber  volume  has  been  used.  Recycling  with 
other  values  is  being  Investigated  (see  Section  X  D). 

Recognizing  that  no  established  strength  cut-offs  were  available  early  in 
preliminary  design,  the  evaluation  of  other  stability-critical  elements  proceeded  on 
the  basis  of  the  elastic  constants  then  available. 
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6.  Theoretical  Column  Buckling 


Laminate  configuration  effects  on  columns  were  next  examined.  Compres¬ 
sion  members  that  buckle  elastically  as  a  result  of  the  lateral  bending  induced  by  com¬ 
pression  and  are  long  in  comparison  to  their  ether  dimensions  are  termed  long  columns. 
The  Euler  equation  is  used  to  obtain  the  buckling  stress  as  follows: 


cr 


col 


■a2  E  /  <L  j  p  2 


(XA-1) 


When  the  load-deformation  curve  deviates  from  a  straight  line  (whether  at  stresses 
beyond  the  material  proportional  limit  or  as  a  result  of  local  crippling  of  the  member 
elements),  the  columns  are  termed  short.  Columns  are  short  or  long  depending  on  the 
L '  /  p  slenderness  ratio  (pin-ended  column  length  divided  by  radius  of  gyration)  at 
which  this  nonlinearity  occurs.  Members  with  stable  cross  sections  are  analyzed  by 
using  a  reduced  modulus  in  the  Euler  equation.  Members  with  cross  sections  where 
local  crippling  takes  place  are  analyzed  with  the  following  equation  (Reference  81) 


%ol  -  CTcc  I1  -  >/<•  >2/  4*  2eJ  (XA‘2) 

where  cr  is  the  crippling  stress. 

cc 

A  "Thornel"  25  graphite  yarn  composite  Zee-section  stiffener  and  skin 
section  was  used  to  determine  attainable  column  stresses  for  a  range  of  slenderness 
ratios  and  for  pseudo'Msotropic,  ±45°  bidirectional,  and  0°  unidirectional  fiber  orienta¬ 
tions.  The  column  curves  thus  generated  for  these  fiber  orientations  are  presented  in 
Figure  271.  At  the  short  column  lengths,  where  the  plate  characteristics  largely  pre¬ 
dominate,  the  same  order  of  effectiveness  exists  as  with  the  plates:  ±45  ,  isotropic, 
and  unidirectional.  In  the  long  column  region,  where  Ex  is  the  controlling  factor,  a 
different  order  of  optimum  fiber  orientation  exists:  namely,  unidirectional,  isotropic, 
and  then  ±45°. 

Since  the  optimum  configuration  for  plates  is  ±45°  and  for  intermediate 
length  columns  is  (±30°,  90°),  a  design  consisting  of  ±45°  skin  ribbed  with  isotropic 
stiffeners  appears  very  attractive.  This  mixed  geometry  system  however  is  a  difficult 
design  problem  and,  as  a  simpler  alternative,  fhe  pseudo-isotropic  plate  with  the  same 
type  of  stiffeners  was  next  considered. 

7 .  Wide-Column  Stresses 


Optimum  wide -column  stresses  for  Zee-section  stiffened  pseudo-isotropic 
panels  are  shown  in  Figure  272.  These  were  developed  using  the  transformation  pro¬ 
cedure  of  Reference  79*. 
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The  strength  cut-offs  with  the  three  values  of  fiber  modulus  are  not  shown 
for  reasons  already  mentioned.  The  performance  of  composites  in  the  range  of  inter¬ 
est  is  compared  with  the  aluminum  alloys  shown.  The  overlap  areas  of  the  curves  do 
not  illustrate  much  higher  compressive  buckling  stresses  for  composites;  however, 
with  equal  stress/density  ratios,  the  composites  indicate  a  decided  advantage. 

8.  Unstiffened  Shell  Efficiency 


The  fiber  orientation  influence  on  the  efficiency  of  unstiffened  orthotropic 
cylinders  is  shown  on  Figure  273.  Based  on  .the  Dow  and  Rosen  theory  (Reference  82), 
the  ±45°  shell  is  slightly  lighter  than  the  pseudo-isotropic  construction,  a  result 
which  lends  support  to  the  previous  plate  buckling  results.  To  this  point  in  all  of  the 
preliminary  design  studies,  it  was  assumed  that  classical  linear  ortho,  ropic  theory 
applied.  This  assumption  includes  the  idealized  homogeneous  continuum.  The  studies 
indicate  that  the  lower  weight  savings  with  composites  require  thin  gauges;  consequently, 
this  assumption  must  be  closely  examined. 

9.  Flexural  Modulus  Dependence  on  Layers 

The  influence  of  the  number  of  layers  (plies)  on  plate  flexural  moduli  was 
next  investigated.  Based  on  simple  weighting  procedures  for  orthogonal  plates,  wide 
divergence  between  the  two  principal  moduli  was  shown  to  exist  with  very  few  layers. 
After  ~  20  layers,  the  influence  of  lumber  of  plies  was  found  to  die  out.  In  the  case 
of  a  balanced  even-ply  (0°~90°)  laminate,  a  more  rapid  rise  in  the  moduli  toward  the 
"infinite  number  of  layers"  value  was  evident.  These  initial  studies  led  to  the  theoret¬ 
ical  and  experimental  agreements  later  found  which  are  shown  in  Figure  192  (Section 
VinB).  * 


Applied  to  a  basic  plate  construction,  this  study  showed  the  significance  in 
design  for  melding  finite  layer  effects.  In  preliminary  design,  this  information  is 
included  in  an  approximate  fashion.  However,  the  need  for  reviewing  the  fundamental 
theory  to  more  properly  account  for  coupling  of  extensional/bending  properties  was 
pointed  out  for  more  basic  university  studies;  secondly,  the  need  for  fabrication  in¬ 
puts  on  how  many  layers  constitute  a  reasonably  homogeneous  continuum  was  also 
stressed. 

10.  Representative  Fuselage  Designs 

After  completion  of  the  preliminary  design  studies  as  described  above, 
efforts  were  directed  toward  defining  fuselage -section  design  approaches  shown  on 
Figure  274.  Two  stiffening  types,  stringer/ring  and  sandwich  were  considered  for  an 
assumed  minimum  gauge  limitation  of  0.025  inch  for  a  55  million  psi  modulus  graphite 
yarn  isotropic  construction.  This  minimum  gauge  limitation  results  in  a  higher  weight 
(0.6  psf)  sandwich  design  compared  with  the  single-skin  designs  which  are  0.4  psf 
±  10%  for  the  various  stiffeners  shown.  The  single-skin  designs  result  in  lower 

weight  capabilities  at  the  representative  loading  index  of  4.  Other  comparative  features 
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* 


UNIT  SHELL  SURFACE  WEIGH"  ,0 
SHELL  RADIUS  RATIO  -  W/R  (PSF/IN.) 


AXIAL  LOADING  TO  SHELL  RADIUS  RATIO-N  / R  psi 

A 


Figure  273.  Influence  of  Fiber  Orientation  on  Unstiffened  Shell  Efficiences 
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are  given,  primarily  design  flexibility  and  fewer  anticipated  attachment  problems, 
both  of  which  tend  to  favor  the  stringer-stiffened  design. 

Of  these  two  design  approaches,  possible  divergence  effects  of  flexural 
moduli  with  thin  skins  would  tend  to  increase  weight  of  the  single  skin  where  bending 
effects  are  involved.  The  honeycomb  design,  however,  being  primarily  dependent  on 
membrane  properties  could  probably  be  improved  by  changing  the  skin  configuration 
to  reduce  its  weight,  thus  bringing  the  two  design  approaches  closer  together.  Further 
work  is  needed  to  explore  these  effects. 

Comparisons  of  th  stringer-skin  combinations  shown  in  Figure  274  with 
other  stiffened  wide-column  concepts  (Reference  83)  were  made  and  are  summarized 
in  Figure  275.  Noted  are  comments  concerning  their  applicability  to  the  fuselage 
component.  In  Figure  275  the  efficiency  of  a  wide  column  was  determined  from: 

€  =  TT  v  K  K1//2 

max  s 


where. 


v  -  Poisson' s  ratio  for  isotropic  materials 

K  =  stiffener  shape  factor 

K  =  buckling  coefficient 

From  consideration  of  the  results  shown  in  Figure  275,  the  hat  and  Zee-section  types 
were  selected  as  the  best  candidates  for  composite  stringer  fabrication.  The  closed- 
section  or  hollow -rectangular  shape  was  included  because  of  potential  advantages  ob¬ 
tained  from  filament  winding.  The  other  two  types  can  be  molded  from  wide-tape 
pressed  between  two  matched  dies . 

11.  Efficiency  Comparisons  of  Designs 

The  potential  impact  of  graphite -fiber  composites  on  the  aircraft  industry 
is  illustrated  in  Figure  276,  Theoretical  weight  savings  based  on  preliminary  design 
on  the  order  of  50%  are  indicated  where  large  quantities  of  light-weight,  stiff  materials 
are  used.  The  band  on  Figure  276  labeled  "Refined  Performance  Envelope"  is  dis¬ 
cussed  later  (Section  X  C) . 

Unit  shell  weights  were  determined  for  the  22 -inch  diameter  fuselage  com¬ 
ponent  for  practical  (preliminary)  designs  using  7075-T6  aluminum  alloy  and  pseudo¬ 
isotropic  graphite-fiber/resin  composites.  The  designs  were  for  Zee-section  longitu¬ 
dinal  and  ring-stiffened  cylinders  and  covered  a  range  in  loading  index.  The  graphite- 
fiber  composites  are  for  fiber  moduli  of  25,  40  and  55  x  10  psi,  a  resin  modulus  of 
500,000  psi,  and  a  fiber  volume  content  of  ~  65%. 

The  composite  constructions  were  developed  for  three  shell  thicknesses  and 
for  stringer  spacings  of  1.1  inches  and  ring  spacings  of  12.0  incber,  the  same  as  those 
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STIFFENING  LOAD  EST.  WEIGHTS  REMARKS 

TYPES  CAPACITY  E  -  55  x  106  psi 
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CONFIGURATION 


TRAPEZOIDAL  CORRUGATION 
-AAAA 


STRAIGHT  Y- TEE  STIFFENED 


f  X 


TRUSS  CORE  CORRUGATION 
WW 


INTEGRAL  ZEE 


0.793 


0.790 


HAT  SECTION  STIFFENED 


~LT  U" 


ZEE  STIFFENED 


“L  "L  "L 


J  STIFFENED 


STRAIGHT  Y  STIFFENED 


y  y 


SEMI  TRAPEZOIDAL  CORR.  SEMI. 

SANDWICH  0.706 

7C7t7CA_ 


SEMI-CIRCLECORR.  SEMI-SAND.l  0.706 


TRUSS  CORE  SEMI-SANDWICH  I  0.686 


EFFICIENCY 
€  MAX 

RATING 

L  600 

1ST 

1. 230 

2ND 

1. 150 

3RD 

1.030 

4TH 

1.000 

5TH 

0. 928 

6TH 

COMMENT 


NO  SHEAR  CAP. 


TOO  COMPLICATED 


NO  SHEAR  CAP. 


FAB.  PROBLEMS 


CLOSED  SECTION  STIFFENED 


□  □  □ 


BETWEEN  |  H,GH 

0. 656  &  0.928 
I 


POSSIBLE 
TOO  COMPLICATED’ 


10TH  TOO  COMPLICATED 


11TH  IMPRACTICAL 


I2TH  POSSIBLE 
S5TB 

"P053TBTE - 


POSSIBLE  FAB. 
PROBLEMS 


FAB.  BY  FIBER 
WINDING 


Figure  275,  Efficiencies  Of  Wide  Column  Concept 
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gure  276.  Weight  Efficiency  Comparison  of  Stiffened  Cylinders  of  Graphite- 
Fiber,  Epoxy-Resin  Composites  and  Conventional  Aluminum 


of  the  aluminum  construction.  The  three  thicknesses  are  assumed  minimum  gauge 
cut-offs  of  0.025,  0.032  and  0.040  inch.  The  'preliminary  design'  composite  band  in¬ 
dicated  on  Figure  276  also  applies  closely  to  the  hat-section  stiffened  shell,  as  shown 
later  in  Figure  279. 

Optimum  design  curves  for  aluminum  and  graphite  composites  were  also 
determined  from  methods  given  in  Reference  84.  The  proportions  of  the  minimum 
weight  designs  resulted  in  ring  spacing-to-diameter  ratios  from  0.12  to  0.15,  closely 
spaced  stringers  (  ~  1/2  inch),  and  extremely  thin  material  (  ~  0.010-inch  thick¬ 
nesses).  Consequently,  there  is  greater  interest  in  the  practical  designs  given  in 
Figure  276. 

Other  parts  of  this  report  section  (particularly  Sections  X  C  and  D)  treat 
design  refinements  which  consider  factors  such  as  fiber  anisotropy,  strength  cut-offs, 
minimum  gauges,  and  laminate  configurations  other  than  isotropic  constructions. 

12.  Element  Test  Program 

An  element  test  program  is  being  conducted,  as  shown  in  Figure  277.  Here, 
the  first  two  simple  tests  on  flat  coupons  and  "L"  and  "U"  channels  are  being  used  to 
obtain  web  and  flange  crippling  data.  The  data  are  being  used  for  comparison  of  com¬ 
posites  with  conventional  materials  and  for  comparisons  of  fiber  orientation  effects 
(see  Sections  VII  F  and  G) .  Ring  beam-element  tests  are  also  being  conducted. 

Tests  of  stiffened  panels  in  compression  and  shear  are  planned  with  the  best 
candidate  configurations  for  the  fuselage  application.  In  these  tests  various  bonding 
systems,  buckling  stress  levels  and  instability  modes  will  be  evaluated.  Data  from 
these  tests  will  be  applied  directly  to  the  fuselage -section  design. 

13.  Preliminary  Design  and  Test  Plan 


A  test  set-up  schematic  for  the  representative  fuselage  component  is 
shown  in  Figure  278.  The  component  is  shown  as  it  will  be  placed  in  the  static  test 
facility  with  a  series  of  tension  jacks  tied  to  the  end  fixtures  and  loading  frame. 
Sections  X  E  and  F  and  Figure  279  present  in  detail  the  design  work  on  stabilizing 
rings,  end  attachments,  and  the  stiffener  reinforcement  system. 

As  shown  in  the  test  plan  on  Figure  278,  tests  will  be  conducted  by  load- 
response  measurements  on  the  component  to  compare  measurements  with  theory. 
These  Will  involve:  tension,  compression,  bending,  torsion,  transverse  shear,  and 
several  combinations  of  loads.  The  shell  will  then  be  loaded  to  destruction  in  bend¬ 
ing. 

As  a  planning  and  coordination  tool,  a  configuration  and  assembly  drawing 
for  the  fuselage  section  has  been  prepared  as  shown  in  Figure  279.  This  drawing 
has  been  distributed  to  the  Association  with  the  areas  "to  be  specified"  so  marked  in 
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Figure  277.  Initial  Element  Test  Outline 


TEST  PLAN 


TYPE  or  LOADING 

JACKS 

STRUCTURAL  RESPONSE  TO: 

(a)  TENSION 

A  AND  B 

lb)  COMPRESSION 

C  AND  D 

(cl  BENDING 

A  AND  D 

Idl  TORSION 

E  AND  F 

(e)  SHEAR 

e'and  f 

(1)  COMBINED  LOADS 

A  -  F 

BENDING  DESTRUCTION 

A  AND  D 

Figure  278.  Preliminary  Fuselage  Design  and  Test  Plan 
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279.  Carbon  Fiber/Epoxy  Resin  Component  No.  1  -  Representative 
Fuselage  Structure 
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order  to  focus  attention  on  the  critical  areas  of  design.  As  the  iterations  proceed, 
this  control  drawing  will  be  revised  and  changes  documented. 

B.  Design  Criteria  and  Loading  Conditions 

"(W.  N.  Meholick  and  D.  P.  Hanley,  Bell  Aerosystems) 

To  finalize  the  representative  fuselage  component  design  requires  the  establish¬ 
ment  of  a  design  criteria  and  a  set  of  loading  conditions.  The  criteria  discussed  in 
this  report  section  establish  a  means  of  evaluating  various  materials  and  methods  of 
construction  on  the  same  referei.ee  basis.  The  loads  specify  the  strength  objectives 
required  and  will  be  presented  later  in  detail. 

1.  Definition  of  Loads  and  Factors 

The  USAF  General  Specifications  contained  in  MIL-A-8860  to  8870  for 
military  aircraft  strength  and  rigidity  are  used  as  a  guide.  The  requirements  from 
these  specifications  are  the  definition  of  loads  and  the  factors  of  safety  that  are 
applied: 


(a)  Limit  load  is  defined  as  the  maximum  load  expected  in 
service  with  at  least  two  occurrences. 

(b)  Ultimate  load  is  defined  as  the  limit  load  times  a  factor 
of  1.5. 

Yield  load  is  defined  as  being  equal  to  the  limit  load. 

A  requirement  for  the  airframe  when  subjected  to  yield 
loads  is  that  no  permanent  structural  deformation  is  per¬ 
mitted  that  prevents  the  proper  functioning  of  any  struc¬ 
tural  or  mechanical  component. 

General  criteria  governing  the  definition  of  allowable  stresses  and  elastic 
constants  for  design  for  filamentary  composites  need  to  be  established  and  verified. 
The  criteria  in  use  for  conventional  isotropic  materials  need  revision  for  application 
to  composite  materials  because  of  anisotropy  and  nonlinear  effects.  The  following 
criteria  will  be  used  in  the  present  program  until  more  experience  with  graphite  fiber 
composites  has  been  obtained. 

2.  Allowable  Stresses 


(a)  Limit  stress  analysis  will  be  based  on  the  linear  elastic 
constants  of  the  material . 

(b)  Ultimate  stress  will  be  taken  to  be  the  lower  stress  of 
either  1.5  times  the  limit  stress  or  the  failure  stress 
of  the  material  as  determined  experimentally. 

(c)  Ultimate  stress  analysis  will  be  based  on  the  material 
elastic  constants  at  the  ultimate  stress. 


3.  Buckling  Stresses 


The  initial  buckling  stress  of  any  plate  element  in  shear  or  compression 
shall  be  equal  to  or  greater  than  the  stress  occurring  in  the  plate  element  at  limit  load. 
This  recommendation  is  made  because  the  behavior  of  graphite  composites  in  the  post 
buckling  region  has  not  yet  been  firmly  established.  The  post  buckling  or  crippling 
stress  allowable  in  compression  is  being  studied,  however,  as  reported  in  Section  VII  G. 

4.  Stiffness 


The  General  Specifications  previously  mentioned  merely  state  that  adequate 
bending  (El)  and  torsional  (GJ)  stiffness  shall  be  provided. 

The  El  and  GJ  values  for  the  representative  component,  as  described  in  the 
previous  report  section,  if  made  with  0.040-inch  thick  skin  and  stringers  of  7075-T6 
aluminum,  are  summarized  in  Table  LXV1I. 

TABLE  LXVTI 


ALUMINUM  FUSELAGE  STIFFNESS  CHARACTERISTICS 


Dia. 

I 

El 

J 

GJ 

EI/GJ 

in.4 

(x  10  7  lb -in.2) 

in.4 

(x  10  6  lb -in.2) 

20  in. 

231 

242 

251 

987 

2.45 

22  in. 

312 

328 

337 

1330 

2.45 

24  in. 

406 

427 

442 

1740 

2.45 

The  Aerodynamics  Section  at  Bell  Aerosystems  has  been  consulted  to  estab¬ 
lish  a  meaningful  design  requirement  for  the  "aft  fuselage  torsional  stiffness"  of  the  repre¬ 
sentative  component.  Levels  of  aerodynamic  stiffness  acceptable  for  good  handling 
qualities  are  obtained  from  parametric  static  and  dynamic  analyses.  These  results  are 
unique  to  each  aircraft  design.  Effects  of  flexibility  are  accounted  for  by  corrections 
applied  to  the  rigid  aerodynamic  stiffness  parameters.  As  long  as  the  aerodynamic 
parameters  corrected  for  flexibility  meet  the  levels  established  for  good  handling  qual¬ 
ities,  the  design  is  considered  satisfactory.  For  composite  materials  which  can  have 
structural  stiffness  characteristics  appreciably  different  from  those  of  conventional 
materials,  it  would  be  desirable  to  have  a  criteria  that  relates  stiffness  directly  to  air¬ 
craft  handling  qualities.  Although  at  present  there  are  no  such  criteria,  some  thought 
has  been  given  toward  establishing  limits  on  the  aft  fuselage  torsional  stiffness  that 
will  maintain  aerodynamic  parameters  within  a  reasonably  satisfactory  range  relative 
to:  (1)  stability  and  (2)  control  levels  provided  by  the  usual  static  and  dynamic 
analyses.  At  the  critical  steady  sideslip  condition,  in  case  (1),  where  the  vertical  tail 
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develops  its  maximum  load,  fuselage  torsional  flexibility  can  result  in  reduced  static 
directional  stability  due  to  a  loss  in  vertical  tail  effectiveness.  In  case  (2),  a  pitching 

moment  trim  requirement  arises  due  to  the  component  of  the  tail  load  acting  in  the  S 
vertical  plane.  6 

•  j.  Th®  reduced  tail  load,  YyT,  in  case  (1)  can  be  expressed  as  YVT  cos2  6 
w  ere  <p  is  the  angle  of  twist  of  the  fuselage  under  load.  For  conventional  configura¬ 
tions  having  an  aft  tail  arrangement,  a  restriction  which  maintains  the  reduction  to 
vertical  tail  load  due  to  twist  within  0.97  to  0.95  of  the  rigid  value  (three  to  five  per- 

rea8onabie-  ™s  °ri,erion  °an  be  wrmen 

.  . .  .The  Pitching  moment  coupling  for  case  (2)  due  to  the  component  of  vertical 

tail  side-force  acting  vertically  is 

Am  =  Yyt  cos  sin  (f> 

where  is  the  distance  between  the  aerodynamic  center  of  the  vertical  tail  and  the 
center  of  gravity.  A  reasonable  control  of  this  effect  is  to  keep  it  less  than  the  trim 
requirement  for  a  0.5  g-pullup  with  a  10%  static  margin  which  is  written  quantitatively 


M  ~  YyT  cos  sin  <f>  < 


0.05  Wc 


As  will  be  seen  shortly  in  Table  LXVIII,  this  equation  sets  another  limit  on  4>  the 
permissible  angle  of  twist  for  the  fuselage.  ’ 

rplntp  rVS  reco^ized  that  there  are  many  other  criteria  that  might  be  developed  to 
relate  structural  stiffness  requirements  directly  to  handling  qualities.  However  in 
their  absence  it  is  felt  that  adherence  to  the  general  limits  prescribed  by  the  two  rules 
given  above  should  result  in  flexible  aerodynamic  characteristics  within  the  range  re¬ 
quired  for  acceptable  handling  qualities. 

Ipno+h  M  For  typical  aircraft  design,  a  permissible  twist  angle  <£  per  foot  of  fuselage 
length  can  be  derived  from  the  above  two  criteria  with  the  lower  value  of  <b>  beine  the 
governing  requirement.  Torsional  stiffnesses  (GJ)  of  the  representative  component 
designed  according  to  the  above  criteria  have  been  calculated.  Table  LXVIII  summa¬ 
rizes  the  resulting  values.  These  data,  derived  from  aerodynamic  considerations 
yield  requirements  for  the  net  shear  modulus  of  the  fuselage  shell . 
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C .  Orthotropic  Shell  Buckling  Predictions 

(K.  H.  Sayers,  W.  N.  Meholick,  and  D.  P.  Hanley,  Bell  Aerosystems) 

Initial  work  on  the  fuselage  shell  design  was  given  in  Section  X  A,  Preliminary 
Design  Studies.  The  tentative  ring- and  stringer-stiffened  shell  design  was  defined 
in  Figure  279  and  the  following  analysis  efforts  were  recognized  as  necessary  to 
finalize  the  design:  (1)  orthotropic  cylindrical  shell  buckling  predictions  examining 
various  layup  angles  and  thicknesses,  and  (2) discrete-element stabil  £y  analysis  recount¬ 
ing  for  the  conical  (tapered  cylinder)  shape. 

This  report  section  describes  progress  in  these  two  areas.  In  the  first  area  the 
method  of  analysis  is  described  with  results  given  for  "Thornel"  25  and  40  designs; 
in  the  second  area,  an  approximate  comparison  of  a  "Thornel"  25  and  aluminum  shell 
design  is  made. 

1.  Cylindrical  Shell  Analysis 
a.  Theoretical  Method 


The  analytical  method  employed  considers  the  buckling  of  eccentrically 
stiffened  orthotropic  cylinders  under  pure  bending  in  the  manner  of  Reference  85.  A 
nontapered  cylinder  is  considered.  Analysis  uses  small -deflection  linear  orthotropic 
buckling  theory.  The  buckling  mode  has  the  form  given  by 
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where*. 


m,  n 

x,  y 
a 

an 

R 


radial  displacement 
buckling  half-wave  numbers 
longitudinal  and  hoop  reference  axes 
cylinder  length 
undetermined  coefficients 
cylinder  radius 


This  function  assumes  simply-supported  ends,  a  sinusoidal  waveform  in  the  axial  direc 
tion,  and  a  waveform  in  the  circumferential  direction  defined  by  the  undetermined  aQ 
coefficients.  Solutions  to  this  equation  have  been  obtained  by  a  computer  program 
supplied  by  NASA/Langley.  Results  include  the  number  of  axial  buckling  half-waves 
and  the  critical  maximum  load/inch  of  circumference. 
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b.  Application  to  "Thornel"  25  Fuselage  Component 


The  analysis  was  applied  to  the  fuselage  shell  using  elastic  constants 
accounting  for  fiber  anisotropy  of  the  "Thornel"  25  fiber*.  The  fiber  volume  content 
was  initially  assumed  to  be  65%  with  flexural  moduli  calculated  from  the  membrane 
elastic  constants.  The  shell  was,  as  required  by  the  analysis,  assumed  to  be  simply- 
supported  at  the  stiffening  rings  and  the  effects  of  taper  were  not  considered.  (The 
discrete-element  stability  analysis  in  the  final  design  will  more  realistically  account 
for  these  effects.)  Consideration  was  given  to  performance  comparisons  of  an  alumi¬ 
num  alloy  and  the  graphite  fiber  composites  with  various  gauge  thicknesses,  the  basic 
geometry  and  type  of  stiffening  remaining  unchanged. 

Three  groups  of  skin/stiffening  construction  were  analyzed  as  shown  in 
Table  LXVIX.  For  each  separate  case,  two  types  of  buckling  were  considered:  overall 
shell  buckling  and  panel  buckling  between  rings.  In  each  case,  panel  buckling  was 
critical.  Results  were  obtained  for  each  group  of  constructions  by  plotting  structural 
weight  against  the  loading  index.  The  following  trends  were  observed. 

TABLE  LXVIX 

SKIN  AND  STIFFENER  COMBINATIONS 
CONSIDERED  IN  ORTHOTROPIC  BUCKLING  ANALYSIS 


• 

Different 

Lay-Ups 

Degrees 

Thicknesses  for 

Each  Lay-Up 

Inch 

Group  1 

Skin 

0,  ±15,  ±30, 

±45,  and  0-90 

0.025,  0.032,  0.04*- 

Ring  and  Stringer 

0 

0.040 

Group  2 

Slfin 

0,  ±15,  ±30, 

0.025,  0.032 

J 

±45  and  0-90 

Ring  and  Stringer 

0 

Same  as  skin 

Group  3 

Skin 

±15,  ±30,  ±45 

0.025,  0.032,  0.040 

and  0-90 

Ring  and  Stringer 

Same  as  skin 

Same  as  skin 

*At  the  time  when  this  work  was  done,  the  fiber  properties  were  not  as  well  established 
as  those  given  in  Table  LXVIX;  the  only  discrepancy  between  values,  however,  was  in  Etf 
in  the  present  work  it  was  taken  as  1.5x10®  psi  compared  to  1.2  x  106psi  shown  in 
Table  LXVIX. 
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With  unidirectional  0.040-inch  thick  hat -section  stringers  and  hollow 
rings,  close  grouping  of  critical  loadings  was  found  for  the  Group  1  configurations, 

«  as  shown  in  Figure  280.  The  orthogonal  (0-90°)  skin  lay  -up  resulted,  wetght-for- 

weight,  in  the  greatest  load  capability.  The  effects  of  the  hlgh-modulus  0°  stringers 
is  evident  here  since  changes  in  the  skin  construction  (lay-up  angles  and  thickness) 
did  not  appreciably  shift  the  performance  curves. 

► 

Critical  loadings  were  considerably  reduced  when  unidirectional  hat- 
section  stringers  and  rings  were  employed,  as  in  the  Group  2  configurations,  with 
thicknesses  equal  to  the  shell  thickness,  as  shown  in  Figure  281..  For  a  given  struc¬ 
tural  weight,  the  orthogonal  skin  pattern  still  was  found  to  give  the  greatest  load  capa¬ 
bility.  Correspondingly,  for  4.5.  <  (M/D3)1' 3  <  5.5,  the  0-90°  skin  configuration 
resulted  in  the  lightest  shell  weight  compared  with  the  other  skin  configurations. 

The  critical  loadings  were  still  further  reduced  when  the  stringers  and 
skins  have  the  same  lay-up  pattern  and  thickness  as  the  basic  skin  as  in  the  Group  3 
configuration  as  shown  in  Figure  282.  Now,  however,  the  orthogonal  lay-up  resulted 
in  the  lowest  load  capability  for  equal  weight  shells. 

With  the  same  geometry  and  thicknesses,  the  comparative  performance 
of  an  aluminum  alloy  cylinder  is  shown  in  Figures  280,  281,  and  282  with  its  Indicated 
i  compressive  yield  cutoff.  The  weight  advantage  of  composite  construction  is  evident. 

Comparison  with  the  preliminary  design  weight -structural  index  curves  is  shown  on 
Figure  276.  The  band  labeled  Preliminary  Design  Performance  Envelope  considered 
fiber  moduli  levels  of  25,  40,  and  55  x  10°  psl,  assumed  all  pseudo-isotropic  construc¬ 
tion,  and  used  isotropic  fiber  properties  for  calculation.  The  band  labeled  Refined 
Performance  Envelope  considers  25  x  10*^  psi  fiber  modulus,  various  skin-stringer 
constructions,  and  anisotropic  fiber  properties.  The  significance  of  the  latter  band  is 
that  in  the  low-to-moderate  loading  range  of  interest,  the  performance  of  tine  graphite 
composites  is  still  seen  to  offer  ~  50%  weight  savings  potential  in  comparison  with 

conventional  aluminum  construction. 

To  verify  the  significance  of  the  above  cited  weight  savings  potential,  the 
strength  cutoffs  must  be  established.  Reliable  test  data  substantiating  analytical  pre¬ 
dictions  are  necessary  to  define  these  with  confidence.  For  a  shell  where  stiffeners 
and  skin  have  different  effective  moduli,  stresses  tn  the  two  elements  will  not  be  the 
same  for  a  given  loading  even  in  the  elastic  range.  Therefore,  an  examination  of  these 
stresses  was  made  for  two  configurations  which  resulted  in  high  panel -buckling  loads: 
orthogonal  skin  and  uniaxial  rings  and  stringers,  each  with  thicknesses  of  0.0*0  and 
0.032  inch.  These  results  are  shown  in  Figure  283.  The  compressive  ultimate  stresses 
are  rough  estimates  based  on  current  analytical  work  and  composite  test  results.  The 
data  shown  in  Figure  283  indicate  that  slight  skin  buckling  would  be  present  before 
failure  occurs  du<i  to  panel  buckling  between  rings.  Complete  buckling  failure  would 
then  be  accompanied  by  skin  crushing  under  the  stringers.  The  sequence  of  failure 
for  the  0.032-inch  design  was  predicted  to  be  the  same  as  for  the  0.040-tnch  design, 
but  the  onset  of  skin  buckling  occurs  at  a  lower  skin  stress  level. 
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Graphite  Composite  Shell  Weight-Strength  Comparisons 
(Gp.  2:  Uniaxial  Rings  and  Stringers) 


Orthotropic  analysis  predicts  panel 
instability  between  rings  at 

(M/D3)1/3  =  5.49 
ITxb  =  4510  lb/in. 

At  this  loading  based  on  elastic  analysis 
&  stringer  =  73,500  psi 

&  skin  =  40,200  psi 

These  stresses  are  compared  with 
the  assumed  strength  allowables  of: 

(Fcu)  =  (F^)  stringer =  90,000  psi 

(Fcu)  =  (F^)  akin  =  40,000  psi 

and  an  assumed  local  instability 
allowable  of 

1.5  x  F  =  30,100  psi 

cr 

for  the  skin  between  stringers. 

This  local  instability  corresponds  to: 

(M/D3) 1/3  =  4.91 
N  .  =  3350  lb/in. 

XD 

W  =  0.645  psf 


Orthotropic  analysis  predicts  panel 
instability  between  rings  at 

(M/D3)1/3  =  5.02 

N_  =  3570  lb/in. 

Jcb 

At  this  loading  based  on  elastic  analysis 
&  stringer  =  72,800  psi 

CT  skin  ■  39.90Q  ft 

These  stresses  are  compared  with 
the  assumed  strength  allowables  of: 

(Fcu)  =  (Ftu) stringer  =  90,000  psi 

<Fcu)  =  (F^Jskin  =  40,000  psi 

and  an  assumed  local  instability 
allowable  of 

1.5  xF  =  19,400  psi 
cr 

for  the  skin  between  stringers. 

This  local  Instability  corresponds  to: 

(M/D3) 1/3  =  3.96 
Nxb  =  1740  lb/in. 

W  =  0.616  psf 


Uniaxial  0.040-inch  stringers  and  rings  Uniaxial  0.032-inch  stringers  and  rings 
with  a  0.040-inch  orthogonal  skin  with  a  G. 032- inch  orthogonal  skin 


Figure  283 .  Summary  of  Panel  and  Local  Instability  Allowables  for  Twc 

Component  Designs 
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The  initial  analysis  indicated  that  the  most  promising  fuselage  compo¬ 
nent  construction  is  the  orthogonal  (0°-90°)  skin  combined  with  uniaxial  (0°)  rings  and 
stringers.  However,  the  skin  may  have  to  be  modified  to  include  ±  a  balanced  lamina 
to  resist  shear  and/or  multiple  loads.  Stringer  and  ring  lay-ups  may  also  have  to  be 
modified  to  reduce  the  danger  of  splitting  due  to  the  low  transverse  strength  of  unidirec¬ 
tional  configurations. 

c.  Application  to  "Thornel"  40  Fuselage  Component 

In  the  previous  section,  a  wide  range  of  possible  laminate  constructions 
for  the  shell,  stiffeners,  and  rings  were  investigated  to  obtain  load/weight  performance 
comparisons  in  order  to  select  likely  candidates.  These  calculations  v/ere  made  using 
"Thornel"  25  graphite  yarn  properties  with  65%  fiber  volume  content.  The  inplane 
elastic  constants  were  used  to  obtain  approximate  values  for  the  bending  constants. 

The  greatest  performance  potential  for  the  loads  specified  appeared  to  be  with  an 
orthogonal  skin  and  unidirectional  stringers  and  rings . 

Additional  results  of  orthotropic  shell  buckling  studies  have  been  ob¬ 
tained  using  "Thornel"  40  properties  with  50%  fiber  content,  since  "Thornel"  40  will 
be  used  in  the  component  fabrication.  Fifty  percent  fiber  content  is  expected  in  the 
fabrication  process.  The  bending  elastic  constants  have  been  evaluated  in  a  more  con¬ 
sistent  manner  with  the  methods  used  to  generate  the  bend  data  of  Table  LXIII.  A 
(0°,  90°,  0°,  90°)  orthogonal  skin  0.040-inch  thick  was  considered.  The  stiffeners  had 
the  same  cross  sections  and  spacings  as  in  the  previous  work.  The  four  types  of 
stringer  and  ring  designs  were:  (1)  unidirectional  lay-up,  0.040-inch  thick;  (2)  uni¬ 
directional  lay-up,  0,032-inch  thick;  (3)  orthogonal  lay-up,  0.040-inch  thick;  and 
(4)  orthogonal  lay-up,  0.032 -inch  thick.  The  stringers  and  rings  were  assumed  to 
have  four  plies.  Input  properties  are  given  in  Table  LXX. 

Four  strength  limitations  were  investigated  for  each  shell  configuration. 

(1)  General  Instability:  an  overall  instability  failure  mode 
of  the  shell  involving  ring  deformations,  which  implies 
catastrophic  failure  and  is  an  ultimate  condition; 

(2)  Panel  Instability:  a  catastrophic  {ultimate)  fa  dure 
buckling  mode  which  occurs  betwsen  rings  with  no  ring 
deformation: 

(3)  Static  Strength:  an  ultimate  condition  characterized 
by  material  failure  of  the  stringer  and/or  skin;  and 

(4)  Initial  Skin  Buckling:  a  limit  condition  characterized 
by  no  buckling  at  limit  load. 

For  each  of  the  four  shell  configurations,  the  panel  buckling  instability 
mode  between  rings  occurred  at  much  lower  loads  than  did  the  general  instability 
mode  (as  before)  and,  hence,  was  the  more  critical  loading.  The  panel  buckling  load¬ 
ings,  load  indices,  and  associated  stringer  and  skin  stresses  are  given  in  Table  LXXI. 
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TABLE  LXX 


CALCULATED  ELASTIC  CONSTANTS  FOR  "THORNEL"  40 
GRAPHITE  YARN  COMPOSITES 

(50  v/o  fiber  content,  10  mtls/layer) 


Unidirectional 

Orthogonal 

4  (0) 

4  (0-90-0-90) 

4  (0-90-90-0) 

Membrane 

E  106  psi 

20.28 

10.78 

E„,  106  psi 
_  fi 

1.17 

10.78 

( 

Same  an 

G12,  10  psi 

0.56 

0.56 

0-90-0-90 

v  12 

0.310 

0.034 

Membrane 

V  21 

0.018 

0.034 

Bending 

D  lb-ln.2 

108.8 

48.8 

95.6 

D2,  lb-in. 

6.32 

48.8 

19.1 

D3,  lb-in.2 

3.01 

3.40 

3.01 

v  12 

0.310 

0.045 

0.102 

v  21 

0.018 

0.045 

0.020 

I 
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At  the  panel  buckling  load,  the  calculated  stringer  and  skin  stresses  are  on  the  order 
of  the  expected  ultimate  composite  strengths.  Thus,  panel  instability  and  static 
strength  limitations  are  expected  to  occur  at  approximately  the  same  ultimate  loads. 
All  of  the  panel  buckling  loads  are  well  above  the  design  load  of  1,800  lb/in.  However, 
initial  instability  of  the  skin  between  stringers  occurs  at  loads  well  below  panel  in¬ 
stability  loads.  Since  we  are  designing  to  an  ultimate  loading  of  1,800  lb/in.  due  to 
overall  shell  bending,  Initial  instability  must  not  occur  at  loads  below  1,800  r  1.5 
=  1,200  lb/in.  (limit  load) .  The  loads  to  cause  Initial  instability  are  presented  in 
Table  LXXI.  For  all  four  of  the  present  designs,  initial  buckling  occurs  above  limit 
load.  Examination  of  Table  LXXI  shows  that  design  number  4  is  closer  to  the  required 
limit  and  ultimate  loads  then  are  the  other  three  designs;  but  this  design  is  not  the 
most  efficient,  since  design  number  2  develops  greater  load  capability  at  the  same 
weight.  However,  design  number  4  has  the  attraction  that  the  orthogonal  layers  used 
for  the  stringers  and  rings  will  reduce  the  danger  of  axial  splitting  in  these  members. 
Also,  the  orthogonal  configurations  tend  to  improve  transverse  bending  rigidity  to  the 
stringer  flats  and,  hence,  increase  support  of  the  skin  between  stringers.  This  im¬ 
provement  is  important  for  the  local  buckling  strength  and,  in  a  flightworthy  structural 
application,  would  also  help  the  skin/stringer  combination  to  better  resist  normal 
pressure  loadings. 

The  orthogonal  skin,  although  it  gives  good  panel  buckling  and  initial 
skin  instability  strengths  and  has  a  reasonable  static  strength,  is  suspected  to  have 
limitations  of  low  Liiear  strength  and  stiffness.  This  factor,  as  discussed  under  Design 
Criteria,  Section  X  B  will  be  taken  into  account  in  prescribing  shear  and  torsion  test 
loads.  (A  maximum  of  180  lb/in.  has  been  provisionally  proposed,  requiring  a  skin 
shear  strength  of  4,500  psi.) 

The  data  for  design  number  4  in  Table  LXXI  show  that  initial  skin  buck¬ 
ling  may  be  expected  at  a  loading  of  approximately  1,400  lb/in.  Panel  buckling  between 
rings  is  predicted  at  approximately  3,000  lb/in.  The  actual  panel  buckling  load  will  be 
lower  because  of  the  loss  of  skin  effectiveness  due  to  local  buckling.  Thus,  catastro¬ 
phic  failure  may  be  expected  at  a  loading  greater  than  1,400  lb/in.  but  less  than  3,000 
lb /in.  If  it  is  assumed  that  the  skin/stringer  combination  can  support  a  loading  50% 
greater  than  that  causing  initial  instability  of  the  skin,  an  ultimate  load  of  approxi¬ 
mately  2,300  lb/in.  can  be  carried.  Since  the  ultimate  design  load  is  1,800  lb/in.,  the 
2,300  lb/in.  predicted  ultimate  load  provides  a  safe  margin.  Further  analysis  of  the 
strength  and  crippling  test  results  on  "Thornel"  40  composites  will  enable  more  re¬ 
liable  predictions  of  the  shell  strength. 

At  present,  design  number  4  is  predicted  to  be  slightly  conservative  in 
bending  and  design  number  2  even  more  conservative.  Both  designs  fall  within  the  re¬ 
fined  performance  envelope  for  graphite  fiber  composites  shown  in  Figure  280,  a 
fact  which  further  substantiates  the  expected  appreciable  weight  savings  possible  with 
composites. 
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TABLE  LXXI 

FUSELAGE  COMPONENT  LOADS  AND  STRESSES 


Design 

No.  1 

Design 

No.  2 

Design 

No.  3 

Design 

No.  4 

Ultimate  Condition 

Shell  Load/Inch 

(lb/in.) 

5416 

4596 

3613 

3083 

Associated  Moment  (102 * * * 6  lb/in.) 

2.09 

1.77 

1.38 

1.18 

Loading  Index 

(M/D3)l/3 

5.74 

5.43 

5.00 

4.75 

Stringer  Stress 

(psi) 

88100 

80300 

44500 

42300 

Skin  Stress 

(psi) 

46900 

45700 

44500 

42300 

Limit  Condition 

Skin  Initial 

Instability  Stress 

(psi) 

194  00 

19400 

19400 

19400 

Shell  Load /Inch 

(lb/in.) 

2210 

1920 

1550 

1380 

Unit  Shell  Weight 

(lb/ft2) 

0^645 

0.574 

0.645 

0.574 

Limit  Design  Load  -  1200  lb/in. 

Ultimate  Design  Load  -  1800  lb/in. 

Orthotropic  Shell  Buckling  -  Panel  Buckling  is  Critical 


2.  Conical  Shell  Analysis 

A  discrete  element  instability  analysis  was  conducted  to  determine  the  ini¬ 
tial  loading  for  the  conical  fuselage  component.  Only  two  types  of  construction  have 
been  considered  thus  far,  due  to  the  computer  time  needed  to  obtain  each  solution. 

The  details  of  these  two  types  of  construction  are  given  as  follows:  (1)  The  first  was 
an  isotropic  aluminum  construction  with  a  Young's  modulus  of  10  x  106  psi  and  all 
element  thicknesses  equal  to  0.040  inch;  in  this  caps,  a  cc*nparative  calculation  with 
the  cylindrical  idealization  described  in  the  previous  section  was  also  run.  (2)  The 
second  construction  used  "Thornel"  25  fiber  (assumed  isotropic)  and  all  element 
thicknesses  were  equal  to  0.040  inch.  Skin,  stringer  and  ring  properties  used  were 
as  follows: 

Skin:  ±  20°,  -  12  x  106  psi,  Eg  =  3.5  x  106  psi,  v  g  =  0.204 

G  =  2.4  x  106  psi,  »12  =  0.7, 

Stringers  and  rings:  Pseudo-isotropic,  E  =  8.27  x  106  psi 
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The  discrete  element  method  has  the  attraction  that  the  effects  of  taper  and 
end  restraint  may  be  properly  considered.  The  degrees  of  freedom  at  one  end  of  the 
shell  were  completely  restrained.  Those  at  the  other  end,  except  the  axial  displace¬ 
ments,  were  also  fixed,  and  an  axial  load  was  applied  there  by  a  system  of  equivalent 
nodal  loads.  A  relatively  coarse  structural  grid  was  dictated,  since  the  number  of 
degrees  of  freedom  per  node  (three  translations  and  two  rotations)  meant  that  the  com¬ 
puter  limitation  of  150  degrees  of  freedom  was  quickly  reached. 


The  analysis  yielded  the  following  results  for  the  two  constructions  under  a 
pure  compressive  load  uniformly  distributed  around  the  shell  periphery: 


Case  (1):  Critical  Load 


455,800  lb;  Stringer  stress 
Skin  stress 


79,000  psi 
87,000  psi 


Case  (2):  Critical  Load 


460,000  lb;  Stringer  stress 
Skin  stress 


=  62,000  psi 
=  105,000  psi 


The  comparative  calculation  for  Case  (1)  indicated  an  initial  axial  load  of  448,000  ib. 

These  loads  correspond  to  stresses  somewhat  above  the  strength  cutoffs 
of  the  materials  considered.  The  main  objective  in  treating  the  above  cases,  however, 
was  to  properly  validate  the  program  as  is  indicated  by  the  above  data.  When  the  shell 
design  is  compl  -ted,  the  program  will  be  used  again  in  final  predictions  of  the  buckling 
collapse  loads  under  the  types  of  loading  to  be  applied  in  the  test  program.  Initial 
buckling,  crippling  and  ultimate  strength  cutoffs  will  be  more  firmly  established  bv 
that  time. 


D.  Parametric  Design  Studies  for  Columns  and  PlateB 
(K.  H.  Sayers  and  D.  P.  Hanley,  Bell  Aerosystems) 

Current  work  uses  the  "Thornel"  40  two-ply  yarn.  Until  recently,  "Thomel"  25 
was  beirig  used.  There  is  the  prospect,  of  "Thomel"  60  .'or  use  in  the  future.  This 
report  section  therefore  compares  some  basic  lamina  properties  for  these  three  fiber 
types.  It  also  considers  the  effectB  of  varying  fiber  content  in  simple  structural 
columns  and  plates. 


1.  Resin  Content/Ply  Thickness  Relationships 


An  important  parameter  in  composite  structures  is  the  fiber  content.  It  has 
been  found  with  graphite  composites  that  as  fiber  content  increases,  the  basic  ply 
thickness  decreases.  In  composites  with  a  uniform  array  of  rod -like  reinforcing  fila¬ 
ments,  such  p.8  boron  fibers,  the  variation  of  lamina  thickness  with  fiber  content  is 
relatively  sa*y  to  establish  mathematically.  This  situation  is  considerably  more  com¬ 
plicated  with  graphite  fiber  composites  because  of  basically  different  filament  charac¬ 
teristics.  Since  attempts  to  apply  simple  packing  theories  have  been  found  inadequate, 
an  experimental  curve  of  fiber  content  against  ply  thickness  is  required  for  reliable 
lamina  property  predictions. 
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Figure  284  shows  experimental  data  obtained  for  both  "Thornel"  25  and  40 
with  a  curve  approximated  through  the  points.  This  approach  seems  justified,  since  ’ 
yarn  characteristics  and  filament  cross  sections  are  similar  for  the  "Thornel”  types 
This  curve  is  used  subsequently  to  examine  the  effects  on  buckling  strength  of  columns 
and  plates  of  varying  fiber  content  and  moduli. 


Since  the  thickness  per  ply  varies  with  fiber  content,  as  shown  in  Figure  284, 
the  thicknesses  ot  laminates  built  up  of  plies  will  vary  also.  This  Is  an  Important 
effect,  since  although  membrane  stiffnesses  are  Increased  by  increasing  the  fiber  con¬ 
tent,  the  bending  stiffnesses  are  decreased  for  a  fixed  number  of  plies,  as  shown  in 
Section  X  D-\  Figure  285  shows  the  variation  of  laminate  thickness  as  a  function  of 
n  for  different  fiber  contents.  It  is  based  on  the  curve  of  Figure  284 

At  low  fiber  contents  (  <  40%) ,  the  ply  microstructure  has  been  observed 
with  matrix  material  both  within  the  yarn,  surrounding  the  individual  filaments  and 
g£-S>asse  ar°und  each  yarn.  At  the  higher  fiber  contorts  (  >  60%),  the  yarns  tend  to 
coalesce  and  the  yarn  boundaries  become  difficult  to  distinguish.  The  type  of  micro- 
structure  thus  varies  radically  with  fiber  consent. 

2.  Simple  Column  Studies 

The  buckling  strength/weight  performances  of  built-up  thln-walled  unidirec¬ 
tional  columns  (of  the  types  considered  for  the  fuselage  component  stiffeners)  may  be 
compared  by  examining  the  quantity  Et/W  which  Is  proportional  to  Pcr  divided  by 
column  weight,  where  E  Is  the  principal  column  modulus,  t  Is  the  wall  thickness,  P 
Is  the  Euler  buckling  load,  and  W  Is  the  weight  per  unit  surface  area,  given  by 

W  =  ‘  [VF  <  P  F  "  P  M>  +  P  m]  0®-D 

The  variation  of  W  with  fiber  content  is  given  by  Figure  286.  The  combina¬ 
tions  of  t  and  VF  are  obtained  from  Figure  284,  The  values  of  PF  and  P  M  used  In 
the  present  calculations  were  0.0541  and  0.0441  pci,  respectively.  "Thornel"  40  and  60 
have  slightly  greater  densities. 

Figure  287  shows  the  buckling  load/weight  efficiency  parameter  Et/W  as  a 
function  of  fiber  content  for  "Thornel"  25,  40,  and  60.  These  curves  show  the  relative 

performance  tradeoffs  and  the  desirability  of  low  resin  contents  for  simple  unidirec¬ 
tional  columns. 

3.  Plate  Initial  Instability  Studies 

It  has  been  shown  that  as  fiber  content  Is  increased,  ply  thtckness  decreased 
(Figure  284),  For  a  fixed  number  of  layers  this  Is  accompanied  by  a  reduction  of  the 
laminate  weight  per  unit  area  (Figure  286).  Although  It  has  been  shown  that  extenslonal 
stiffness  El  increases  with  Increasing  fiber  content,  the  bending  stiffnesses  of  a 


-409- 


Laminate  Thickness  (In.) 


0.150 


■  m 


Weight  per  Unit  Area  (lb/ft  ) 


0.0148  0.0118  0.0094  0.0076  0.0066 


Thickness  per  Ply  (In.) 

Figure  286.  Variation  of  Weight  per  Square  Foot  (4  Layers)  with  Fiber  Content 
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Buckling  Load  Performance  Parameter  E  t/w  (ft  /in.  x  10 


7 


0.0148  0.0118  0.0094  0.0076  0.0066 

Thickness  per  Ply  (In.) 


Figure  287.  Variation  of  Column  Buckling  Performance  Parameter  with  Fiber  Content 
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laminate  may  be  greatly  decreased.  This  result  is  due  to  the  fact  that  the  thickness 
per  layer  is  decreased,  an  effect  which  more  than  balances  out  the  beneficial  increase 
in  El.  This  effect  is  next  examined  for  a  particular  laminate  type  being  considered 
for  the  fuselage  component  skin. 

Two  four -layer  orthogonal  laminates  have  been  evaluated,  a  (0,  90,  0  90°) 
and  a  (90,  0,  0,  90  )  lay-up.  Laminates  in  "Thornel"  25,  40,  and  60  were  examined 
having  fiber  contents  varying  from  25  to  80%.  The  variation  of  thickness  per  layer’ 
was  obtained  using  the  curve  on  Figure  284  and  extrapolations  thereof.  The  basic 
fiber  (anisotropic)  and  matrix  properties  of  Section  VIII  B  were  used  as  inputs  to 
determine  the  bending  stiffnesses. 

The  Initial  buckling  stresses  for  a  long,  flat,  simple -supported  orthotropic 
plate  are  (Reference  86): 


Compression 

Shear 

where  b  is  the  plate  width. 


2  7 r 


CR 


CR 


tb 
2  TT 
.b2 


{D3+^/°a} 

{d3  + 


These  parameters  were  calculated  for  each  type  of  plate,  and  the  results 
are  presented  as  curves  on  Figures  288- 291  inclusive.  The  curves  are  shown  dotted 
for  Vp  <  40%  and  Vp  >  75%,  Indicating  lack  of  confidence  in  the  calculated  results 
because  of  no  experimental  data  for  the  Vp-t  curve  in  these  ranges. 

Figures  288-291  show  that,  for  a  fixed  number  of  plies  (4),  increasing  the 
fiber  content  reduces  the  buckling  performances  in  all  cases.  The  highest  perfor¬ 
mances  are  predicted  using  the  lower  fiber  contents  (40-50%).  The  use  of  higher  fiber 
moduli  gives  increased  performances  for  a  fixed  resin  content  over  the  whole  range 
of  VF  used.  Alternatively,  equal  performances  (strength/weight  ratios)  are  seen  for 
low  modulus,  low  resin  content  systems  compared  with  high  modulus,  high  resin  con¬ 
tent  systems.  Also,  for  all  combinations  of  "Thornel"  type  and  Vp,  the  (0,  90,  0,  90°) 
plate  is  more  efficient  in  both  compression  and  shear  than  the  (90,  0,  0,  90°)  plate. 

As  noted  In  the  preliminary  design  work  (Section  X  A),  the  shear  buckling  allowables 
are  found  to  be  greater  than  the  compression  buckling  allowables. 

X  '  , 

At  very  low  fiber  contents  (  <  40%),  there  will  exist  a  strength  cutoff  due 

to  reduced  laminate  longitudinal  strength.  In  the  higher  range  of  fiber  contents  (  > 
70%),  matrix  strain  magnification  effects  will  reduce  transverse  strength  and  give  a 
second  strength  cutoff.  Within  these  limits  (40  <  Vp  <  70%),  buckling  strength 

may  best  be  provided  using  the  lower  fiber  contents,  except  in  those  cases  where  the 
addition  of  extra  layers  is  possible  and  does  not  result  in  over-design. 
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Figure  290.  Variation  of  Compressive  Buckling  Performance  with  Fiber 
Content  of  a  (90,  0,  0,  90°)  Plate 


VF<%) 

Figure  291.  Variation  of  Shear  Buckling  Performance  with  Fiber  Content 

of  a  (90,  0,  0,  90°)  Plate 
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Throughout  this  study,  the  fiber  content -lam  in?  thickness  relationship  has 
been  of  over-riding  importance.  Due  to  the  peculiar  microstructure  of  graphite  rein¬ 
forced  composites,  this  relationship  is  not  obtainable  analytically.  This  thought  under¬ 
lines  the  fact  that  although  sophisticated  analytical  methods  are  available  for  composite 
structures,  they  are  severely  restricted  without  inputs  which  reflect  sufficiently  well 
the  physical  realities  of  the  problem.  This  work  is  thus  considered  to  open  up  further 
both  design  and  fabrication  optimization  studies  for  composite  structures  i.e.,  opti¬ 
mizing  resin  content,  ply  thicknesses,  etc.  for  various  elements  (skin,  stiffeners,  and 
rings)  of  the  representative  fuselage  component. 


E.  Design  of  Stiffening  Rings 

(W.  N.  Meholick,  K.  H.  Sayers,  and  D.  P.  Hanley,  Bell  Aerosystems) 

Design  studies  have  been  made  on  various  structural  configurations  for  the  fuse¬ 
lage  component  stiffening  rings.  These  studies  were  made  for  the  purpose  of  analyz¬ 
ing  the  existing  and  alternate  designs  to  determine  their  respective  strength  and  stiff¬ 
ness  characteristics  in  conjunction  with  the  possibilities  of  simplifying  fabrication. 

Illustrated  in  Figure  292  are  three  basic  alternate  stiffening  ring  configurations 
(Designs  1A,  2A,  and  3A)  and  three  simplified  versions  of  these  (Designs  IB,  2B,  and 
3B) .  These  configurations  differ  from  the  ring  concept  presented  in  Section  X  A  in 
that  they  utilize  the  skin  of  the  component  to  provide  bending  stiffness  for  the  ring. 

The  ring  concept  shown  previously  (Section  X  A)  is  called  the  "floating"  ring 
type  because  the  ring  is  placed  inside  the  stringers  and  is  not  attached  to  the  skin  in 
a  continuous  manner.  Because  of  this,  the  floating  ring  type  excludes  the  skin  stiff¬ 
ness  in  resisting  "rolling"  of  he  ring  and  does  not  have  good  stringer-to-ring  inter¬ 
connection.  The  addition  of  shear  ties  between  the  stringers  that  connect  the  skin  to 
the  stringer  web  and  outer  flange  of  the  ring  can  improve  this  interconnection  appre¬ 
ciably  at  the  expense  of  weight  and  hand-assembly  of  shear  clips,  etc.  The  magnitude 
of  the  forces  between  the  stringers  and  ring  design  described  in  Section  X  A  has  been 
obtained  from  the  analysis  of  Section  X  G  and  will  be  applied  in  evaluation  of  the  final 
ling  design. 

Presented  in  this  section  are  descriptions  of  the  alternate  ring  designs,  the 
structural  function  the  ring  serves,  and  the  methods  used  for  including  ring  stiffness 
properties  in  the  component  analysis.  Included  also  is  a  summary  of  various  core 
materials  that  have  potential  use  in  the  fabrication  of  each  ring  type. 

1.  Description  of  Alternate  Rings 

Design  1  in  Figure  292  is  made  from  two  separate  pieces  bonded  with  a  core 
material  separating  them.  Each  piece  for  Type  A  has  a  channel  cross -sectional  shape 
while  each  piece  for  Type  B  eliminates  the  channel  ’  sides"  utilizing  mostly  fiat 
elements.  Both  types  trap  the  stringer  between  the  ringandthe  outer  skin  to  restrain 
its  radial  displacement.  Another  important  feature  of  this  design  is  that  stresses 
across  the  thickness  of  the  stringer  webs  are  practically  eliminated.  Such  stresses 
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might  cause  splitting  of  the  stringer  webs,  especially  if  unidirectional  stringers  are 
used. 

Design  2A  is  made  by  running  a  plate  element  around  the  periphery  just  in¬ 
side  the  stringer  and  filling  the  space  between  and  inside  the  stringer  with  core  mater¬ 
ial  and  side  elements  (intercostals).  The  side  elements  in  Type  A  are  "bath-tub" 
shapes  fabricated  in  a  matched  mold  process;  in  Type  B,  the  intercostals  are  eliminated 
Stresses  across  the  stringer  webs  might  be  serious  for  Type  A  because  of  the  inter¬ 
costal  attachment  to  the  stringers.  Design  2B,  although  the  simplest  to  fabricate,  is 
inefficient  if  high  stiffness  is  desired.  The  former  design,  Type  A,  is  consider^ 
structurally  efficient  but  could  cause  fabrication  problems  with  respect  to  cost  and 
control  of  tolerances . 

Design  3  is  intended  to  improve  on  the  floating  ring  type  concept  by  making 
the  cross  section  simpler  and  adding  a  shear  tie  to  the  skin.  Type  A  merely  adds 
another  ring  to  eliminate  the  eccentricity  of  the  shear  tie  characteristics  of  Type  B. 

In  summary  of  the  concepts  presented  thus  far  and  with  due  regard  to  the 
discussion  to  follow  in  this  report  section,  the  approach  offered  by  design  concept  lA 
is  presently  favored.  Further  work  will  concentrate  on  this  design  approach  with  the 

alternates  held  as  "back-up" . 

2.  Core  Materials 

The  ring  designs  shown  on  Figure  292  require  a  core  material  to  provide 
stability  and  to  carry  shear  loads.  Summarized  in  Table  LXXII  are  the  physical  and 
mechanical  properties  of  several  high  strength  "military  grade"  aluminum  honeycomb, 
balsa  wood,  and  hetro  and  syntactic  foam  core  materials. 

The  core  material  presently  considered  most  promising  is  balsa  wood  at  six 
pcf  with  an  Epon  828  mixture  as  a  surface  sealer.  This  core  is  relatively  inexpensive 
and  is  expect  i  to  provide  adequate  strength  and  modulus  pending  further  studies  of 
output  data  as  in  Section  X  G.  The  aluminum  honeycomb  core  is  the  strongest  of  all 
those  presented  at  the  same  weight;  however,  its  initial  and  fabrication  costs  are 
higher.  The  reliability  of  aluminum  honeycomb  in  corrosive  environments  makes  it 
the  preferred  choice  for  actual  aircraft  fuselage  structures. 

3.  Ring  Structural  Functions 

The  prime  function  of  a  stiffening  ring  is  to  break  the  stringers  into  short 
column  lengths  so  they  are  stable  when  loaded  in  compression.  Ring  stiffness  that  re¬ 
strains  radial  displacement  affects  the  number  of  half-wave  buckles  in  the  longitudinal 
direction  (Reference  87).  When  the  half-wave  number  m  is  equal  to  the  number  of 
rings  minus  one,  the  ring  stiffness  is  sufficient  to  provide  a  simple  support  to  the 
stringer  column  and  the  general  instability  mode  is  of  the  Euler  or  panel  buckling  (in¬ 
stability)  type.  The  effect  of  ring  stiffness  on  the  general  instability  allowable  and  the 
corresponding  values  of  m  is  shown  on  Figure  293  and  will  be  discussed  later. 
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TABLE  LXXH 

SUMMARY  OF  VARIOUS  STABILIZING  CORE  MATERIALS 


(Ib/in.)  (Axial  Load  Due  to  Bending) 


Present  Design:  - 
Ring  -  A_  =  0.0949  in.2 

4 

I0  -  0.01334  in. 

R  o 

(GJ)  =  2830  lb-in. 

Uniaxial 

Skin  -  t  =  0.032  in. 
0.90,0,90 

Stringer  -  t  =  0.032  in. 
Uniaxial 

Mat')  -  "Thornel"  25 
Vp  =  65% 


Percent.  Reduction  Variation  of 
Ring  Stiffness  from  Present  Design 

Figure  293.  Variation  in  N  with  Ring  Stiffeners 


Weight  variations  between  designs  are  sm^ll  since  the  ring  weight  for  the 
representative  component  L  approximately  10  to  15  percent  of  the  total  weight.  This 
relationship  is  true  because  the  design  has  been  based  on  a  fixed  ring  spacing  of  12 
Inches  as  a  practical  geometric  constraint.  The  effects  of  ring  spacing  on  weight  are 
to  be  further  studied,  however.  Primarily,  though,  selecting  a  design  is  strongly  de¬ 
pendent  on  the  fabrication  method  and  its  cost.  Some  designs  offer  growth  potential  if 
additional  area  and  stiffness  are  required  such  as,  for  example,  if  the  ring  had  to  dis¬ 
tribute  a  concentrated  load  from  a  point  on  the  frame  to  a  shear  flow  in  the  skin. 
Qualitative  advantages  and  disadvantages  of  each  design  from  strength,  stiffness,  and 
fabrication  standpoints  are  summarized  in  Table  LXXm. 

TABLE  LXXIII 

COMPARISONS  OF  ALTERNATE  STABILIZING  RING  DESIGNS 


Alternate 
Design  No. 

C  omp  a  ri  s  on  /Rem  a  rks 

1 

Type  A  is  torsionally  strong  -  broad  range  of  area  and  stiff¬ 
ness  possibilities  -  eliminates  the  possibility  af  stresses 
across  the  stringer  thickness  -  moderately  difficult  to  fab¬ 
ricate. 

t 

Type  B  is  torsionglly  weak  with  the  same  remarks  as  Type 

A  except  that  fabrication  is  simpler. 

2 

Type  A  is  torsionally  strong  -  limited  in  area  and  stiffness 
possibility,  damaging  stresses  across  the  stringe  ’  thick¬ 
ness  may  be  created  -  difficult  to  fabricate. 

Type  B  is  torsionally  weak  -  minimizes  stringer  transverse 
stresses  -  simpler  to  fabricate. 

3 

Type  A  is  torsionally  strong  -  symmetric  design  with  respect 
to  skin  shear  tie  -  minimizes  stringer  transverse  stresses  - 
fabrication  difficulties  are  moderate. 

Type  B  is  torsionally  weak  -  minimizes  stringer  transverse 
stresses  -  fabrication  difficulties  are  improved. 

The  individual  effect  of  the  ring  on  the  stringer  column  when  cylindrical 
effects  are  neglected  can  be  considered  as  shown  in  Figure  294  for  two  stiffening  rings 
stabilizing  the  column.  Timoshenko  (Reference  88)  states^ tha^  the  spring  rate, 

(here  shown  provided  by  the  ring)  must  be  equal  to  a  =  °  ^  e  where  Pe  is  the  Euler 
pin  -  ended  column  load,  ir  *  EI/L^,  and  the  buckle  mode  is  as  shown.  The  difficulty 
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here  is  determining  the  effective  spring  rate  to  the  critical  stringer  column  when 
several  stringers  are  loaded  in  compression  due  to  a  bending  moment.  This  difficulty 
can  be  overcome  conservatively  with  a  few  simplifying  assumptions. 


The  tors’onal  stiffness  of  the  ring  in  combination  with  the  bending  stiffness 
that  restrains  out-of-plane  displacements  provides  an  additional  stabilizing  effect  to 
the  stringer  column.  Appendix  B  of  Reference  89  presents  the  method  for  determining 
this  effect.  What  results,  according  to  the  following  formula 

(El), 

(XE-1) 


,M. 


_riR£ 


R 


where, 

M  =  local  stringer  bending  moment 

Q  =  local  stringer  rotational  deflection 

El  =  ring  flexural  stiffness 

R  =  ring  radius 

is  that  the  ring  stiffness  provides  some  column  end  fixity  thus  increasing  the  Euler 
pin-ended  stringer  column  allowable.  This  principle  illustrates  the  basic  mechanism 
of  ring/stringer  column  stiffening. 

4.  Analysis  Methods  for  the  Component 

The  influence  of  ring  stiffness  on  the  Instability  of  orthotropic  cylinders  in 
axial  compression  or  bending  is  presented  in  Reference  90.  This  analysis  is  similar  to 
that  of  Reference  87. 

Small  deflection  theory  is  used  and  the  equations  include  the  effects  of  dis¬ 
crete  ring  stiffness  characterized  by  a  bending  stiffness  that  restrains  radial  defor¬ 
mation  of  the  shell.  Compression  and  bending  loads  are  treated  equally  and  the  rings 
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COn8idjered  torsionally  weak,  therefore,  the  analysis  neglects  the  ring  torsional 
stiffening  described  in  the  previous  report  section.  The  results  of  the  analysis  are 
presented  for  one  shell  of  a  given  orthotropy  and  indicate  that  the  Shanley  criterion 
(reference  91)  for  ring  stiffness  is  conservative  for  small  ring  spacing  (£/R<  0.7) 
and  is  not  conservative  for  large  ring  spacings  (  £  /R  >  0.7).  The  representative  fuse- 
lage  component  has  a  ring  spacing-to-radius  ratio  of  approximately  one,  consequently 
e  Shanley  criterion  is  not  adequate  for  determining  minimum  ring  stiffness. 

. _  Referring  to  Figure  293,  shows  that  the  effects  of  ring  torsional  stiffness 
{GJ)r  variation  from  2830  lb-in.2  to  a  100%  stiffness  reduction  (no  rings)  on  the 
general  instability  allowable  is  very  slight;  however,  there  is  a  large  effect  due  to 
variations  in  ring  area  (AR)  and  stiffness  (IR) .  The  shape  of  this  curve  is  similar  to 
that  given  by  Timoshenko  (Reference  88) .  On  the  basis  of  this  analysis,  the  ring  de- 
signs  may  be  compared  quantitatively  according  to  torsional  rigidity  (GJ)R,  adequate 
effective  area  (AR),  and  stiffness,  (iR). 


Also,  included  on  igure  293  are  the  local  and  panel  stability  allowables 
shown  as  a  comparison  with  the  general  instability  allowables.  The  local  allowable  is 
based  on  the  compressive  buckling  stress  for  the  skin  plate  element  between  the 
stringers  because  this  is  the  widest,  hence,  most  critical,  of  the  skin  and  stringer 
plate  elements.  The  panel  instability  is  determined  with  the  assumption  that  the  rings 
provide  simple  supports  for  a  shell  with  a  length  equal  to  the  ring  spacing.  The  m  value 
for  this  buckle  mode  would  have  to  be  equal  to  three.  The  adequacy  of  this  assumption 
is  obvious;  its  effect  is  conservative  with  regard  to  the  allowable  for  the  shell. 

F .  Design  of  End  Attachment 

(Drs.  R.  H.  Mallett  and  K.  H.  Sayers,  Bell  Aerosystems) 


Initial  design  of  the  fuselage  component  (described  in  Section  X  A)  featured  end 
attachments  reinforced  with  fiberglass  elements  bonded  between  the  stiffened  shell  and 
aluminum  loading  rings.  The  main  load  path  from  the  attachment  rings  to  the  shell 
was  through  a  ring  of  bolts.  Preliminary  analysis  has  shown  that  this  type  of  attach¬ 
ment  is  weak  due  to  the  low  bearing  strength  of  the  fiberglass  inserts.  Two  rings  of 
olts  would  be  required  to  provide  adequate  bearing  strength.  In  view  of  assembly  sim- 
p  i  ications,  however,  the  design  has  been  modified  and  present  work  uses  7075-T6 
aluminum  reinforcing  elements  of  similar  shape  to  the  previous  fiberglass  ones.  Com¬ 
plete  "potting"  of  the  end  attachment  fixtures  was  also  considered  briefly,  but  was  dis¬ 
carded  because  of  possible  assembly  and  inspection  difficulties.  Final  analyses  will  be 
conducted  using  discrete  element  methods,  the  development  of  which  is  now  described. 

The  primary  discrete  element  analysis  of  the  fuselage  (Section  X  G)  establishes 
overall  load  transfer  mechanisms  between  points  of  loading  and  points  of  support.  For 
he  most  part,  stresses  are  also  available  either  directly  or  with  limited  data  reduction. 

Refined  predictions  of  stresses  are  invariably  required  in  localized  regions  of 
loading.  The  fuselage  structure  demands  close  examination  of  the  stresses  in  the 
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attachment  regions,  with  the  objective  of  determining  the  stresses  arising  within  and 
around  the  joint  as  load  is  transferred  from  the  fixtures. 

The  physical  model  appropriate  for  this  secondary  analysis  is  shown  in  Figure 
295.  This  model  encompasses  a  typical  circumferential  segment  in  the  region  between 
the  rigid  p  tion  of  the  test  fixture  and  the  first  ring.  Figure  296  shows  the  idealiza¬ 
tion  employed,  as  established  from  input  data  through  use  of  the  plotting  capability  of 
Bell's  computer  program. 

The  secondary  analysis  model  will  be  subjected  to  select  combinations  of  axial, 
shear,  and  bending  loading  determined  from  the  primary  analysis  model.  Study  of  the 
secondary  analysis  results  will  be  used  to  verify  the  attachment  design  adequacy. 

G.  Discrete  Element  Stress  Analysis  of  Fuselage  Shell 

(Dr.  R.  H.  Mallett,  Bell  Aerosystems) 

Details  of  the  ring  and  stringer  stiffened  fuselage  shell  together  with  test  fixture 
attachments  were  given  earlier  in  this  report  section  and  property  data  were  given  in 
Section  VIII  B.  The  shell  discrete  element  idealization,  based  on  these  inputs,  is  shown 
in  Figure  297.  Orthotropic  thin-shell  quadrilateral  elements  are  employed  to  model 
the  conic  shell.  Frame  elements  are  employed  to  model  the  eccentric  stabilizing  rings 
and  longitudinal  s'  Teners  as  well  as  the  end  attachment  leading  rings. 

Linear  stress  and  displacement  analyses  have  been  conducted  for  each  of  the 
loading  conditions  defined  in  the  experimental  testing  program.  The  numerical  results 
for  the  shear  loading  condition  have  been  converted  to  a  graphical  presentation.  The 
loading  condition  was  considered  in  the  previous  stiffened  cylinder  example  problem 
of  Section  IX  (Figure  245)-  The  displacement  predictions  are  shown  in  Figures  298 
and  299.  In  contrast  with  the  ring  stiffened  cylinder  example,  no  appreciable  ring  de¬ 
formations  are  induced  in  the  fuselage  structure.  Two  factors  account  for  this  differ¬ 
ence  in  displacement  behavior.  Firstly,  the  stiffness  of  the  rings  relative  to  the  shell 
is  much  greater  for  the  fuselage  component.  Secondly,  the  end  shear  loading  on  the 
fuselage  component  is  distributed  over  the  end  ring. 

Based  on  preliminary  data  reduction,  a  longitudinal  stress  profile  at  the  canti¬ 
lever  root -section  is  illustrated  in  Figure  30Q  This  plot  indicates  that  the  combina¬ 
tion  of  ring  and  stringer  stiffening  employed  yields  a  gross  behavior  pattern  closely 
resembling  a  beam  for  the  transverse  cantilever  loading;  however,  the  skin  stress 
discontinuities  produced  by  the  stiffenqrs  are  clearly  seen. 
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Figure  295.  Fuselage  Component  Secondary  Analysis  Model 


Figure  296.  Idealization  for  Secondary  Analysis  of  Composite  Cylinder 
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Fuselage  Component  Discrete  Element  Idealization 


Ring  Numbers 


Fuselage  Component  Displacement  Profiles  (in.) 
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